Synthesis and Ferroelectric / Dielectric properties of Pb(Mg1/3Ta2/3)1-xTixO3-Based Multilayered thin films by LI FANG
 SYNTHESIS AND FERROELECTRIC/DIELECTRIC 
PROPERTIES OF Pb(Mg1/3Ta2/3)1-xTixO3-BASED 






LI FANG  





A THESIS SUBMITTED  
FOR THE DEGREE OF MASTER OF SCIENCE 
DEPARTMENT OF MATERIALS SCIENCE 







I would like to express my heartfelt appreciation and gratitude to my supervisor, 
Associate Professor John Wang for his invaluable guidance and full support 
throughout the entire course of my research study. Besides, I would also thank Dr. 
Xue Jun Min for sharing his expertise and insights in this project. 
 
A special word of appreciation also goes to all the research fellows, research assistants 
and postgraduate students in the Advanced Ceramics Laboratory, both past and 
present, especially Anthony, Xingsen, Wenzhong and Hwee Ping, for their generous 
help, encouragement and contributions during numerous discussions. I would also like 
to acknowledge all the laboratory technologists and staff of Department of Materials 
Science & Engineering for their kind assistance and support. 
 
Last but not least, I would like to express my appreciation to the National University 






1. F. Li, J. M. Xue and J. Wang, “Ferroelectric and Dielectric Properties of 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 Thin Films Derived from RF Magnetron Sputtering”, 
Journal of the American Ceramic Society, Vol. 88[10] (2005): 2769-2774. 
2. F. Li, G. Goh, and J. Wang, “Ferroelectric Behaviors of the Sandwich Structured 
PbZr0.52Ti0.48O3/Pb(Mg1/3Ta2/3)0.7Ti0.3O3/PbZr0.52Ti0.48O3 Thin Film”, Journal of 
Electroceramics (2006) in press. 
3. F. Li, A. Zhou, J. M. Xue and J. Wang, "Ferroelectric and Conductivity Behaviors 
of the Multilayered PZT/PMTT/PZT Thin Films", submitted to Journal of 




1. Oral presentation at The 3rd International Conference on Materials for Advanced 
Technologies (ICMAT 2005), Singapore. 
2. Oral presentation at The International Conference on Smart Materials-
Smart/Intelligent Materials and Nanotechnology (2004), Thailand. 
3. Poster presentation at Materials Research Society-Singapore (MRS-S) National 
Conference on Advanced Materials (2004), Singapore. 
 
 II
                                                                                                                           Contents 
CONTENTS 
 
ACKNOWLEDGEMENTS ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ I 
PUBLICATIONS ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ II 
CONFERENCE PARTICIPATIONS ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ II 
CONTENTS ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ III 
SUMMARY ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ VII 
LIST OF FIGURES ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ IX 
CHAPTER 1 FERROELECTRIC THIN FILMS ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 1 
1.1 Introduction to Ferroelectric Thin Films ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 1 
1.1.1 Structure of ABO3 Perovskites ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 1 
1.1.2 General Properties of Ferroelectrics ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 2 
1.1.3 Applications of Ferroelectric Thin Films ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 10 
1.1.4 Fabrications of Ceramic Thin Films ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 12 
1.2 Pb(Mg1/3Ta2/3)1-xTixO3 ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 20 
1.2.1 Pb(Mg1/3Ta2/3)O3 (PMT) ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 20 
1.2.2 Pb(Mg1/3Ta2/3)1-xTixO3 ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 21 
 1.3 Multilayered Ferroelectric Thin Films ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 23 
 1.4 Research Objectives ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 24 
       1.4.1 Pb(Mg1/3Ta2/3)1-xTixO3 Thin Films ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 24 
       1.4.2 Pb(Mg1/3Ta2/3)1-xTixO3-based Multilayered Thin Films ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 25 
CHAPTER 2 EXPERIMENTAL PROCEDURE ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 29 
 III
                                                                                                                           Contents 
2.1 Pb(Mg1/3Ta2/3)1-xTixO3 Thin Films by Sol-Gel ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 29 
             2.1.1 Starting Materials ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 29 
             2.1.2 Experimental Procedure ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 29 
2.2 Pb(Mg1/3Ta2/3)1-xTixO3 (x = 0.3) Thin Films by RF Magnetron Sputtering ⋅⋅⋅⋅ 31 
             2.2.1 Starting Materials ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 31 
             2.2.2 Experimental Procedure ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 31 
2.3 Sandwich Structured PZT/PMTT/PZT Thin Films ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 32 
             2.3.1 Starting Materials ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 32 
             2.3.2 Experimental Procedure ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 33 
2.4 Thin Film Characterization ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 35 
             2.4.1 X-ray Diffraction ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 35 
             2.4.2 Scanning Electron Microscopy ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 36 
             2.4.3 Atomic Force Microscopy ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 37 
             2.4.4 Dielectric and Ferroelectric Properties ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 40 
             2.4.5 X-ray Photoelectron Spectroscopy ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 41 
             2.4.6 Secondary Ion Mass Spectroscopy ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 42 
CHAPTER 3 Pb(Mg1/3Ta2/3)1-xTixO3 THIN FILMS ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 44 
3.1 Pb(Mg1/3Ta2/3)1-xTixO3 Thin Films by Sol-Gel ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 44 
              3.1.1 Background ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 44 
3.1.2 Pb(Mg1/3Ta2/3)0.6Ti0.4O3 Thin Films Derived from Sol-Gel ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 45 
3.1.3 Pb(Mg1/3Ta2/3)0.7Ti0.3O3 Thin Films Derived from Sol-Gel ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 57 
3.2 Pb(Mg1/3Ta2/3)0.7Ti0.3O3 Thin Film by RF Magnetron Sputtering ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 60 
 IV
                                                                                                                           Contents 
3.2.1 Background ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 60 
3.2.2 Effects of Working Pressure ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 60 
3.2.3 Effects of Post-annealing Temperature ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 67 
3.3 Discussions ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 75 
3.4 Fatigue Behaviors of Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 77 
3.5 Effects of Film Thickness ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 78 
             3.5.1 Dependence of Dielectric Properties on Film Thickness ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 78 
             3.5.2 Dependence of Polarization and Coercivity on Film Thickness ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 81 
3.6 Remarks ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 83 
CHAPTER 4 SANDWICH STRUCTURED PZT/PMTT/PZT THIN 
FILMS ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 85 
4.1 Sandwich Structured PZT/PMTT/PZT Thin Films ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 85 
             4.1.1 Background ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 85 
             4.1.2 Phase Characterization ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 86 
             4.1.3 Surface Texture ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 87 
             4.1.4 Surface Analysis ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 89 
             4.1.5 Polarization Behaviors ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 96 
             4.1.6 Dielectric Behaviors ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 99 
4.2 Frequency and Temperature Dependence of Dielectric and Conductivity 
Behaviors ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 102 
             4.2.1 Background ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 102 
             4.2.2 Results and Discussion ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 105 
 V
                                                                                                                           Contents 
4.3 Remarks ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 117 
CHAPTER 5 OVERALL CONCLUSIONS ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 119 
CHAPTER 6 SUGGESTIONS FOR FUTURE WORK ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 123 
CHAPTER 7 REFERENCES ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 124 
APPENDIX ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 131 
 
 VI
                                                                                                                          Summary 
SUMMARY 
 
In this project, Pb(Mg1/3Ta2/3)1-xTixO3 thin films were synthesized and their 
ferroelectric and dielectric properties were investigated. In addition, Pb(Mg1/3Ta2/3)1-
xTixO3-based multilayered thin films were also fabricated and studied. Both sol-gel 
and radio frequency (RF) magnetron sputtering were employed to synthesize 
Pb(Mg1/3Ta2/3)1-xTixO3 thin films, whereby the experimental parameters were 
optimized. A precise control in homogeneity of the precursor solution, as well as the 
drying and firing temperatures were critically important in forming the 
Pb(Mg1/3Ta2/3)1-xTixO3 thin films when the sol-gel route was used. Thin films of 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 (PMTT), the composition of which is near the morphotropic 
phase boundary (MPB), were successfully synthesized using RF magnetron sputtering, 
and their ferroelectric and dielectric properties were strongly related to the 
experimental parameters.  
 
Having successfully prepared PMTT thin film with excellent ferroelectric and 
dielectric properties, the feasibility of combining it with PbZr0.52Ti0.48O3 (PZT) to 
form a multilayered thin film was further explored. Accordingly, the sandwich 
structured PZT/PMTT/PZT thin film was investigated. Such heterostructure was 
synthesized via a combined route involving sol-gel method and RF magnetron 
sputtering. Insertion of the PMTT interlayer effectively suppressed the heterogeneous 
“rosette” structure formed when the sol-gel derived PZT thin film was directly 
 VII
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deposited onto Pt/Ti/SiO2/Si substrate. The sandwich structured thin film showed 
uniform and smooth surface texture, with reduced mean grain size and average 
roughness. Investigation into the polarization behaviors of such sandwich structured 
thin film showed that both remanent polarization and coercive field were reduced, 
while the coercive field decreased more significantly, when compared to the PZT-only 
thin film of the same thickness. The sandwich structured thin film also demonstrated 
improved fatigue resistance, when compared to the PZT-only film on Pt electrode. 
This can be attributed to (1) a contribution of the PMTT interlayer with improved 
fatigue resistance; (2) an improved surface microstructure; and (3) a reduction in the 
defect concentration. The relative permittivity of the sandwich structured thin film can 
not be described by the simple series connection of constituent layers. 
 
X-ray photoelectron spectroscopy (XPS) was employed to study the chemical bonding 
and chemical composition of the sandwich structured PZT/PMTT/PZT thin film, 
assisted with secondary ion mass spectroscopy (SIMS) analysis. They help explain the 
observed electrical properties of the sandwich structured PZT/PMTT/PZT thin film. 
In order to investigate the charge carriers in the sandwich structured PZT/PMTT/PZT 
thin film at high temperatures, AC impedance studies were carried out. There occurs a 
change in controlling mechanisms from grain interior to grain boundary. Oxygen 
vacancies are the most likely charge carriers in the sandwich structured 
PZT/PMTT/PZT thin film at high temperatures. 
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CHAPTER 1 FERROELECTRIC THIN FILMS  
 
1.1 Introduction to Ferroelectric Thin Films 
 
1.1.1 Structure of ABO3 Perovskites 
 
Polycrystalline ceramics have been intensively studied for both structural and 
functional applications [1]. Among them, perovskite compounds such as Barium 
titanate and Lead zirconate titanate, are widely used in sensors, actuators, capacitors, 
electrically driven mechanical resonators, and optical switches [2]. 
 
Perovskite is the mineral name derived from Calcium titanate, with the structure type 
ABO3. Many piezoelectric (including ferroelectric) ceramics exhibit a perovskite 
structure. Figure 1.1 shows a perovskite ABO3 unit cell, which consists of a corner-
linked network of oxygen octahedral with B-site cation(s) within the octahedral cage 
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                                                                (b) 
 
Figure 1.1 (a) A cubic ABO3 perovskite-type unit cell, and (b) three dimensional 
network of corner sharing octahedral of O2- ions. 
 
1.1.2 General Properties of Ferroelectrics 
 
1.1.2.1 Hysteresis Loop 
 
In a typical ferroelectric, upon the application of an electric field, there occurs a 
spontaneous polarization, which is due to a displacement of cations in the crystal 
structure of the material and does not disappear in the absence of the electric field. In 
addition, the direction of this polarization can be reversed or reoriented by applying 
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an appropriate electric field. 
 
The hysteresis loop (polarization versus electric field) is the most important 
measurement that can be made on a ferroelectric when characterizing its electrical 
behavior. It is very similar to the magnetic loop (magnetization versus magnetic field) 
that one can obtain from a ferromagnetic material; the very name “ferroelectric” was 
derived from this similarity, even though there is no ferro, i.e., iron constituent, in 
ferroelectrics as a major component [3]. 
 
As shown in Figure 1.2, at a high enough electric field level, the polarization reaches 
a saturation value. The polarization does not fall to zero when the external field is 
removed. At zero external field, ferroelectric shows a remanent polarization (Pr). It 
cannot be completely depolarized until a field of magnitude (OC in Figure 1.2) is 
applied in the opposite direction. The external field needed to reduce the polarization 
to zero is called the coercive field (Ec). If the field is increased to a more negative 
value, the direction of polarization flips and hence a hysteresis loop is obtained. 
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Figure 1.2 A polarization vs. electric field (P-E) hysteresis loop for a typical 
ferroelectric crystal. 
 
1.1.2.2 Dielectric Properties 
 
Ferroelectrics are, in general, characterized by (i) a high relative permittivity, (ii) a 
relatively low dielectric loss, (iii) a high specific electrical resistivity, (iv) a moderate 
dielectric breakdown, and (v) nonlinear electrical, electromechanical, and electro-
optic behaviors. 
 
Consider a simple parallel-plate capacitor with metal plates of area A separated by 
distance d, in which the space between the plates is vacuum, if a voltage V is applied 
across the plates, one plate will acquire a net charge of +q and the other a net charge 
of – q. The charge q is directly proportional to the applied voltage V as 
       q = C⋅V or C = q/V                                                                                              (1-1) 
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where C is a proportional constant called the capacitance. 
 
The capacitance of a capacitor is a measure of its ability to store electric charges. The 
more charge stored at the upper and lower plates, the higher its capacitance is. The 
capacitance C for a parallel-plate capacitor whose area dimensions are much greater 
than the separation distance of the plates is given by 
       C = ε0A/d                                                                                                             (1-2) 
where ε0 is the permittivity of free space (8.854 × 10-12 F/m). 
 
When a dielectric fills the space between the two plates, the capacitance is increased 
by a factor εr, which is called the relative permittivity of the dielectric. For a parallel-
plate capacitor with a dielectric between the capacitor plates, 
       C = εrε0A/d                                                                                                          (1-3) 
 
A dielectric material reacts to an electric field differently from a free space, because it 
contains charge carriers that can be displaced and the charge displacements within the 
dielectric can neutralize a part of the applied field. Only a fraction of the total charge 
sets up an electric field and voltage towards the outside; the remainder, the bound 
charge, is neutralized by polarization of the dielectric. Polarization is the surface 
charge density of the bound charge, equal to the dipole moment per unit volume of the 
material, 
       P = Nµ = NαE’                                                                                                   (1-4) 
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where N is the number of dipoles per unit volume; 
µ is the average dipole moment; 
α is the proportionality factor, a measure of the average dipole moment per unit 
of local field strength; and 
E’ is the local electric field [4]. 
 
There are various possible mechanisms for polarization in a dielectric material (Figure 
1.3). One process common to all materials is electron polarization, or the shift of 
gravity of the negative electron cloud in relation to the positive atom nucleus in an 
electric field. A second mechanism is the displacement of positive and negative ions 
in relation to one another, called ionic or atomic polarization. The third kind of 
polarization is associated with the presence of permanent electric dipoles which exist 
even in the absence of an electric field; when a field is applied, these electric dipoles 
tend to line up in the direction of the field, giving rise to an orientation polarization. A 
final source of polarization comes from mobile charges, which are present because 
they are impeded by interfaces, because they are not supplied or discharged at an 
electrode, or because they are trapped in the material. Space charges resulting from 
these phenomena appear as an increase in capacitance as far as the exterior circuit is 
concerned. 
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Field Applied No field 
                E 
 
Figure 1.3 Schematic representation of different mechanisms of polarization. 
(adapted from [5]). 
 
In an ideal capacitor, the electric charge adjusts itself instantaneously to any change in 
voltage. However, in practice, there is an inertia-to-charge movement that shows up as 
a relaxation time for charge transport. Figure 1.4 demonstrates the frequency 
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Figure 1.4 Frequency dependence of several contributions to the polarizability 
(schematic). (adapted from [4]).  
 
If the voltage used to maintain the charge on a capacitor is sinusoidal, as is generated 
by an alternating current, the current leads the voltage by 90° when a loss-free 
dielectric is between the plates of a capacitor. However, when a real dielectric is used 
in the capacitor, the current leads the voltage by 90°−δ, where the angle δ is called the 
dielectric loss angle. The product of εr⋅tanδ is designated the loss factor and is a 
measure of the electric energy lost by a capacitor in an AC circuit. 
 
1.1.2.3 Curie Point and Phase Transitions 
 
All ferroelectrics have a transition temperature called the Curie point (Tc). At a 
temperature T > Tc, they do not exhibit ferroelectricity anymore, while for T < Tc, they 
 ___________________________________________________________________  8
                                                                                                                                           Chapter 1 
are ferroelectric. On decreasing temperature through the Curie point, a ferroelectric 
undergoes a phase transition from a paraelectric phase to a ferroelectric phase. The 
temperature at which the material transforms from one ferroelectric phase to another 
is called transition temperature. Near the Curie point or transition temperature, several 
thermodynamic properties including dielectric, elastic, optical, and thermal constants 
show anomalous behaviors. This is due to a distortion in the crystal structure. The 
temperature dependence of the relative permittivity above the Curie point (T > Tc) in a 
ferroelectric is governed by the Curie-Weiss law: 
       ε = ε0 + C/(T – T0)                                                                                               (1-5) 
where ε is the permittivity; 
ε0 is the permittivity of vacuum (8.854 × 10-12 F/m); 
C is the Curie constant; and 
T0 is the Curie temperature. 
 
The Curie temperature T0 is different from the Curie point Tc. T0 is a formula constant 
obtained by extrapolation, while Tc is the actual temperature where the structure 
change occurs [6]. 
 
Certain compounds in the perovskite family, having the general formula Pb(B’B”)O3, 
are known as ferroelectric relaxors, where B’ is typically a low-valence cation, e.g., 
Mg2+, Zn2+, Fe3+, Ni2+ and Sc3+, and B” a high valence cation, e.g., Ti4+, Nb5+, Ta5+ 
and W6+. Relaxor ferroelectrics can be distinguished from normal ferroelectrics by the
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 presence of a broad diffused and dispersive phase transition on cooling from the 
Curie point. They also show a very strong frequency dependence of relative 
permittivity, where the Curie point shifts to a higher temperature with increasing 
frequency [7]. 
 
1.1.3 Applications of Ferroelectric Thin Films 
 
The unique properties of functional ceramics lead to a wide range of applications. 
Continuing reduction in the scale of microelectronics and increase in the complexity 
of microelectronic devices have greatly extended thin film technology [8]. Many 
electrical and electro-optic devices are made of ferroelectric thin films with perovskite 
structure, including Barium titanate (BaTiO3), Lead titanate (PbTiO3), Lead zirconate 
titanate (PbZrxTi1-xO3) and Lead magnesium niobate (PbMg1/3Nb2/3O3), where the 
unique dielectric, piezoelectric, pyroelectric and electro-optic properties of such 
peroskite compounds are utilized. Some of the most important electronic applications 
of ferroelectric thin films include nonvolatile memories, thin film capacitors, 
pyroelectric sensors, surface acoustic wave (SAW) substrates, optical waveguides and 
optical memories and displays: 
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(1) Nonvolatile Memories and Thin Film Capacitors: These applications make use 
of high dielectric permittivity, low dispersion and wide frequency range of 
responses arising from the thin film forms. The nonlinear hysteretic response 
is of interest for thin film nonvolatile memories, while the high permittivity is 
of interest for local capacitance in high count DRAMs [9]. 
 
(2) Pyroelectric Sensors: Pyroelectric systems rely upon the strong temperature 
sensitivity of electric polarization, where ferroelectric thin films for 
pyroelectric devices are advantageous, since the thin film geometry is 
convenient for device design. PbTiO3, (Pb, La)TiO3 and PbZrxTi1-xO3 have 
been widely studied for thin film pyroelectric sensing applications. 
 
(3) Surface Acoustic Wave Substrates: Surface acoustic wave (SAW) devices are 
made by depositing interdigital electrodes on the surface of a suitable 
piezoelectric substrate. An elastic wave generated at the input interdigital 
transducer (IDT) travels along the surface of the piezoelectric substrate and it 
is detected by the output interdigital transducer. These devices can be used for 
delay lines and filters in television and microwave communication 
applications. 
 
(4) Ferroelectric Thin Film Waveguides: An optical waveguide can control the 
propagation of a light signal in transparent materials, e.g., ferroelectric thin 
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films along a certain path. The thin films shall be optically transparent and 
their refractive indexes should be higher than that of the substrate. PbZrxTi1-
xO3 and (Pb, La)ZrxTi1-xO3 are good candidates for such optical waveguide 
applications, because of their large electro-optic coefficients. 
 
(5) Ferroelectric Thin Film Optical Memory Displays: Ferroelectric thin films can 
replace certain bulk ceramics for optical memory and display applications, 
where the advantages include a simplification of the device design and a 
reduction of the operating voltages, as compared to bulk ceramic devices [8]. 
 
1.1.4 Fabrications of Ceramic Thin Films 
 
Fabrication techniques for ceramic thin films can be divided into two broad groups 
[10,11]: (i) chemical techniques, which include spray pyrolysis, chemical vapor 
deposition, and sol-gel process; and (ii) physical techniques, which include thermal 
and electron beam evaporation; DC, ratio frequency and ion beam sputterings; and 
laser ablation. 
 
In each technique, the main objective is to provide an appropriate flux of atoms onto a 
substrate such that the required compound grows controllably on the surface. The 
source may be solutions or vapor streams containing the required atoms with the 
compound forming reactions, or a bulk material of composition similar to that 
expected in the film [12]. 
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Chemical Techniques: 
 
(1) Spray Pyrolysis 
 
One of the simplest forms of chemical deposition is spray pyrolysis, which was 
initially studied by Chamberlain and Skarman [13] and had been used for the 
preparation of various oxide and sulfide thin films. It involves spraying an atomized 
solution containing an appropriate precursor onto a heated substrate in order to form 
thin films [14]. The composition and properties of the resulting film depend on the 
processing conditions. Viguie and Spitz [15] suggested four possible growth 
mechanisms for the spray pyrolysis process as a function of substrate temperature, 
which are shown in Figure 1.5. When the substrate temperature is low, the spray 
droplet impinges directly on the substrate, followed by evaporation of the solvent and 
decomposition of the precursor to the oxide. With increasing substrate temperature, 
the solvent is evaporated just prior to contacting the substrate, followed by 
decomposition to the oxide. If temperature is further increased, the third mechanism 
comes into effect, which involves volatilization of the dried metallic precursor salt, 
diffusion of the vapor to the substrate, and followed by decomposition to the oxide. 
When the substrate temperature is high enough, a homogeneous nucleation of the 
vapor phase forms the oxide particle, which is then deposited on the substrate. 
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Figure 1.5 Mechanisms for spray pyrolysis. (adapted from [16]). 
 
The advantages of spray pyrolysis include (a) simple processing steps, (b) wide 
choices of precursors, (c) good stoichiometry control, (d) variation in film 
morphologies, and (e) up-scaling for industrial applications. 
 
) Chemical Vapor Deposition (CVD) 
se of CVD to form thin films dates back to the pyrolytic decomposition of molecular 
precursors in gaseous state [17]. Later on, successful deposition of Gallium arsenide 
from Triethylgallium and Arsine for microelectronic purpose became another 
important application of CVD [18]. Nowadays, a large variety of precursor 
compounds are used in CVD, which has become a widely applied method for 










Increasing substrate temperature 
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precursor to a supporting surface, followed by adsorption and decomposition of the 
precursor. The deposited precursor then undergoes spreading, crystallization and 
sintering by surface transport. 
 
The principle advantage of CVD is that a textured crystal growth takes place, where 
3) Sol-Gel Method 
l method started with the production of single oxides; the very 
 typical sol-gel route begins with the preparation of a mixed solution of one or more 
the deposition rate can be manipulated. It is a versatile technique for growing thin 
films, where the film composition and thickness can be controlled by varying the flow 
rate of each source material and growth time [19]. It also allows a close control of 
film uniformity over large areas. However, the relatively high processing temperature 
involved is a disadvantage of CVD, restricting the choice of substrate materials and 




The history of sol-ge
beginning of which dates back to 1846. Berger and Gerffcken [20] first used sol-gel 
method to prepare thin coatings, then all the polymeric oxides and a few rare earths 
were attempted. Interest in sol-gel method was renewed in 1971 for synthesis of 
multicomponent oxide glasses, glass-ceramics and ceramics [21]. In the past two 
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organometallic compounds, often metal alkoxides, in a suitable organic solvent 
[23,24]. This solution is hydrolyzed to form a structured solution or gel containing 
long chain-length metalorganic polymers. After introducing additives or water 
designed to influence the structure of oligometric species in the partially hydrolyzed 
solutions, as well as to affect the rates of hydrolysis and condensation reactions, the 
solutions can be spin-coated or dip-coated onto substrates. On drying, the structure of 
the polymeric chain is such as to hold the metal ions into a spatial relationship close to 
that required in the final inorganic phase. On firing the as-deposited film in a furnace 
or on a hot plate, the organic components are driven off through carbonization and 
subsequent oxidation. In general, after firing, the structure of the resulting film is 
amorphous or partially crystallized and a post-annealing process is needed to fully 
develop the film structure. 
 
Ferroelectric and electro-optic films of lead based perovskites can be deposited using 
sol-gel technique based on the hydrolysis and condensation of alkoxides. The stability 
and reproducibility of the solutions depend on the solvents used. The film morphology, 
epitaxy and properties can also be controlled by additives introduced. Figure 1.6 




                                                                                                                                           Chapter 1 
 
Figure 1.6 Generic route for the metalorganic processing via sol-gel route of lead 
based ferroelectrics. 
 
Sol-gel method can lead to a mixing homogeneity at molecular scales and a decrease 
in calcination temperature for forming the perovskite phase. It also offers the 
advantages such as a much refined particle size, narrowed size distribution, and a 
minimized degree of particle agglomeration and therefore a lowered sintering 
temperature. Although it has the disadvantage that the primary crystallization is not 
complete during the initial firing process, it is often an appropriate compromise for 
production cost and yield. It can also be used as an effective technique for evaluating 
a new formulation for device fabrication. 
Lead Alkoxide
Pb(OR)n
Metal Alkoxide Metal Alkoxide …Precursors M2(OR)n M3(OR)n
Solvent Solvent
Gelation Control and 
firing additives Additives 
Viscosity Adjustments 
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Physical Techniques: 
 
(1) Laser Ablation Deposition (LAD) 
 
Thin films of a wide variety of materials can be prepared by using laser ablation 
deposition (LAD). In the process, target material is removed by irradiation with a high 
power laser beam and collected on a suitably positioned substrate. It was well suited 
for film preparation of high temperature (high-Tc) oxide superconductors, and in 
recent years, it has been studied for the deposition of permanent magnets, magneto-





Figure 1.7 Schematic diagram of a laser ablation system. (adapted from [25]). 
 






high vacuum pumping port 
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ease of operation and low consumption of source materials [25].  
 
(2) Radio Frequency Magnetron Sputtering 
 
Sputtering describes the physical transfer of atoms from a target to a substrate as a 
result of the momentum transfer. Normally this occurs due to the bombardment of the 
target by high-energy ions. Radio-frequency (RF) excitation is used for insulating 
targets, where the electrons and positive ions impact on the target surface on alternate 
half cycles of the power cycle. In sputtering discharge, ions of the background gas are 
accelerated by the intense electric field in the cathode fall region to sputter atoms of 
the target material as well as eject the secondary electrons. The magnetron field 
parallel to the cathode surface deflects these secondary electrons, selectively reducing 
their effective mean free path, but not that of the ions [26]. 
 
It has been reported that the average kinetic energy of sputtered atoms is determined 
as a function of the product of P⋅D, where P is the background pressure and D is the 
target-to-substrate distance. The deposition probability increases with decreasing 
pressure of background gas, target-to-substrate distance, gas mass and increasing 
cathode target mass or discharge power [27]. 
 
RF magnetron sputtering operates at a relatively low temperature and can result in 
uniformity in film thickness, which is compatible to IC technology. 
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1.2 Pb(Mg1/3Ta2/3)1-xTixO3
 
1.2.1 Pb(Mg1/3Ta2/3)O3 (PMT) 
 
Lead magnesium tantalite, Pb(Mg1/3Ta2/3)O3 (PMT), is a relaxor ferroelectric of 
complex structure, which is light yellow in color and has a molecular weight of 383.9 
and pycnometric density of 9.65 g/cm3 [28]. The X-ray diffraction carried out at room 
temperature showed that it exhibited a cubic structure with cell parameter a = 4.03 Å 
[29]. It has also been reported that the structure of PMT does not reconcile in the 
context of the space charge model and instead is consistent with a charge balanced, 
“random site” model, where one of the sub-lattices (B”) in the 1:1 ordered 
Pb(B’1/2B”1/2)O3 structure is occupied solely by Ta, but the second (B’) contains a 
random distribution of Mg and the remaining Ta cations. In this description the 
ordered structure of PMT can be represented as Pb(Mg2/3Ta1/3)1/2(Ta)1/2O3 [30]. 
 
PMT exhibits a high relative permittivity, but it is difficult to prepare a pure 
electroceramic without the undesirable pyrochlore phase. Initial attempts to prepare 
polycrystalline PMT yielded samples with a very low relative permittivity, due to the 
formation of extensive secondary phases. PMT was first synthesized by Bokov and 
Myl’inkova in 1961 [28]. After that, various methods have been explored in order to 
prepare pyrochlore-free PMT-based ceramics in bulk forms, including the Columbite 
precursor method and wet-dry combination method [31]. Although the Columbite 
precursor method can effectively eliminate the pyrochlore phases, it requires multiple 
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calcination and milling steps, which inevitablely result in a level of contamination in 
the resulting electroceramic powder and therefore a degradation in electrical 
properties of sintered ceramics. Furthermore, it is associated with such disadvantages 
as a high sintering temperature required and compositional and microstructure 
fluctuations resulted. The wet-dry combination method was reported to successfully 
eliminate pyrochlore phases. However, various wet chemistry-based processing routes 
often led to the very high production cost and low production yield. Owing to the 
challenges in obtaining a pyrochlore-free PMT, almost all the previous studies were 
focused on PMT-based bulk ceramics. Reports on PMT thin films were rather scarce 
in literature. Jeong et al. [32] reported a successful preparation of epitaxial PMT thin 
film using chemical solution deposition (CSD), however, no further study on the 
electrical properties of such thin film was done. Besides, Lee et al. [33] had tried 
radio frequency magnetron sputter deposition to synthesize PMT thin film, but a very 





1.2.2.1 Solid Solution of Pb(Mg1/3Ta2/3)1-xTixO3
 
PMT demonstrates a broad maximum of relative permittivity of 7000 below room 
temperature (Tc −98 °C) [28]. The Curie range is well below room temperature, which 
can be easily shifted upwards with an appropriate addition of lead titanate, PbTiO3 
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(PT), a normal or ordered ferroelectric compound which has a phase transition at 490 
°C. PMT can form a complete solid solution with PT. Of particular interest for several 
technological applications is the region close to the morphotropic phase boundary 
(MPB). The MPB in Pb(Mg1/3Ta2/3)1-xTixO3 separating pseudocubic phase and 
tetragonal phases occurs at between 29 and 33 mol% PT with a Curie temperature at 
around 45 °C. Several ferroelectric, dielectric and piezoelectric properties can be 
optimized at around MPB, as a result of the enhanced polarizability arising from the 
coupling between the two equivalent energy states, i.e. pseudocubic and tetragonal 
phases, allowing optimum domain reorientation [34]. Figure 1.8 shows a phase 
diagram that has been proposed for Pb(Mg1/3Ta2/3)1-xTixO3 system. 



























































Figure 1.8 Phase diagram of Pb(Mg1/3Ta2/3)1-xTixO3 system. (adapted from [34]). 
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1.2.2.2 Previous Studies on Pb(Mg1/3Ta2/3)1-xTixO3 in Bulk Ceramic Form 
 
The effect of doping with various oxides on dielectric properties of Pb(Mg1/3Ta2/3)1-
xTixO3 ceramic has been intensely studied. High sintered density and improved 
dielectric, pyroelectric and piezoelectric properties were obtained in Pb(Mg1/3Ta2/3)1-
xTixO3 ceramics doped with small amounts of Bi2O3, V2O5, PbO, ZnO and Cr2O3, 
respectively. V2O5 and Bi2O3 could reduce the sintering temperature of 
Pb(Mg1/3Ta2/3)1-xTixO3 for 150~200 °C [35,36]. The frequency dispersion and 
diffuseness of the phase transition were also increased, and the dielectric and 
pyroelectric peak temperatures were continuously shifted to lower temperatures with 
the addition of a small amounts of V2O5, Bi2O3 or Cr2O3 [35,36,37]. The phase 
transition temperature and pyroelectric peak temperature were shifted to higher 
temperatures with increasing ZnO content [38]. 
 
1.3 Multilayered Ferroelectric Thin Films 
 
Multilayered thin films built with successive ferroelectric layers of different 
compositions have attracted a great deal of attention in recent years, owing to their 
scientific importance and technological promise [39,40,41]. It is expected that such 
heterostructures can combine the individual advantages of each component layer, thus 
giving rise to some novel and unique properties. 
 
A few studies on the preparation and electrical properties of multilayered thin films 
have been undertaken. Hayashi et al. [42] reported the dielectric properties of sol-gel 
 ___________________________________________________________________23
                                                                                                                                           Chapter 1 
derived SrTiO3/BaTiO3 multilayered thin films, and Specht et al. [43] studied the 
effect of layer thickness on the ferroelectric transition in epitaxial KTaO3/KNbO3 
multilayer. A giant relative permittivity demonstrated by superlattices of epitaxial 
PbTiO3/Pb1-xLax TiO3 was reported by Erbil et al. [44]. In addition, multilayered thin 
films with a sandwich structure, such as PbTiO3/Ba0.85Sr0.15TiO3/PbTiO3, 
PbTiO3/PbZr0.53Ti0.47O3/PbTiO3, (Bi,La)4Ti3O12/Pb(Zr,Ti)O3/(Bi,La)4Ti3O12, were 
prepared and investigated, where much improved ferroelectric and dielectric 
properties were reported [45,46]. However, the mechanisms responsible for the 
improvement of these properties are not yet fully understood. Therefore, it is 
necessary to understand the physical origins of such multilayered thin film both 
experimentally and theoretically, which play an important role in the design, synthesis 
and electrical behaviors of ferroelectric devices. 
 
1.4 Research Objectives 
 
1.4.1 Pb(Mg1/3Ta2/3)1-xTixO3 Thin Films 
 
Taking into account of the lack of previous investigations into Pb(Mg1/3Ta2/3)1-xTixO3 
thin films, it will be of considerable interest to study whether Pb(Mg1/3Ta2/3)1-xTixO3 
could be realized in thin film forms. If so, it will be of further interest to investigate 
the electrical properties of such new thin films. The objectives of research in this 
project are as follows: 
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(1) Investigate the feasibility of synthesizing Pb(Mg1/3Ta2/3)1-xTixO3 thin films 
with single perovskite phase, by carefully studying the experimental 
parameters involved. 
 
(2) Study the dependence of phase evolution, surface texture and electrical 
properties of Pb(Mg1/3Ta2/3)1-xTixO3 thin films on the various experimental 
parameters involved. 
 
(3) Investigate the dependence of ferroelectric and dielectric properties of 
Pb(Mg1/3Ta2/3)1-xTixO3 on film thickness. 
 
1.4.2 Pb(Mg1/3Ta2/3)1-xTixO3-based Multilayered Thin Films 
 
If Pb(Mg1/3Ta2/3)1-xTixO3 can be successfully realized in the thin film forms, it is of 
further interest to combine it with other ferroelectrics thin films to form multilayers, 
and then to investigate the electrical properties of such heterostructures. Among 
various candidate materials for micro-electric applications, Lead zirconate titanate 
(PbZrxTi1-xO3) is of considerable interest because of its excellent ferroelectric and 
piezoelectric properties. PbZrxTi1-xO3 is a binary solid solution formed between 
PbZrO3, an antiferroelectric (orthorhombic structure) and PbTiO3, a ferroelectric 
(tetragonal perovskite structure). It exhibits a perovskite type structure with the Ti4+ 
and Zr4+ ions occupying the B sites. Figure 1.9 is a phase diagram commonly 
describing PbZrxTi1-xO3. At high temperatures, it shows a cubic perovskite structure 
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which is paraelectric. On cooling below the Curie point, the structure undergoes a 
phase transition to a ferroelectric tetragonal or rhombohedral phase. In the tetragonal 
structure, the spontaneous polarization is along the (100) directions, while in the 
rhombohedral phase it is along the (111) directions. The morphotropic phase boundary 
(MPB) has a room temperature composition with a Zr/Ti ratio of ~52/48. Below the 
Zr/Ti ratio of 95/5, it is an antiferroelectric with orthorhombic phase. Upon the 
application of an electric field, a double hysteresis loop is obtained, as a result of the 
strong influence from the antiferroelectric PbZrO3 phase [6]. 
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It is commonly understood that several key problems should be solved, before 
PbZrxTi1-xO3 thin films can be largely integrated into various microelectronic devices. 
This includes fatigue, which is defined as the loss of switchable remanent polarization 
as a function of the number of switching cycles. PbZrxTi1-xO3 generally suffers from a 
reduction of Pr upon repeated reversals of polarization. 
 
In order to solve some of these problems restricting the application of ferroelectric 
thin films, an investigation into multilayered thin films, where different ferroelectric 
thin films combined effectively, will be of interest. In this project, near MPB 
compositions of PbZr0.52Ti0.48O3 (PZT, hereafter) and Pb(Mg1/3Ta2/3)0.7Ti0.3O3 (PMTT, 
hereafter) were chosen as the components for the sandwich structure. In addition, the 
ferroelectric and dielectric properties of such new multilayered thin films are 
investigated. 
 
Multilayered thin film of sandwich structure consisting of PZT and PMTT is chosen 
for study in this project, with the following objectives: 
 
(1) Synthesize the sandwich structured thin films of PZT/PMTT/PZT via a 
combined route involving sol-gel and RF sputtering technique. 
 
(2) Investigate the effects of inserting a PMTT interlayer on the surface texture of 
the PZT/PMTT/PZT sandwich structured thin films. 
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(3) Study the ferroelectric and dielectric behaviors of the sandwich structured 
PZT/PMTT/PZT thin films, by comparing to conventional PZT thin film. 
 
(4) Investigate the charge carriers and origin of conductivity in the sandwich 
structured PZT/PMTT/PZT thin films, in order to understand their effects on 
the observed dielectric and ferroelectric behaviors. 
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CHAPTER 2 EXPERIMENTAL PROCEDURE 
 
2.1 Pb(Mg1/3Ta2/3)1-xTixO3 Thin Films by Sol-Gel 
 
2.1.1 Starting Materials 
 
Lead acetate trihydrate [Pb(C2H3O2)2⋅3H2O] (99.5%, Aldrich), Magnesium acetate 
tetrahydrate [Mg(C2H3O2)2⋅4H2O] (99.5%, Merck), Tantalum ethoxide 
[Ta(OCH2CH3)5] (99.98%, Aldrich), Titanium ethoxide [Ti(OCH2CH3)4] (Aldrich) 
were used as the starting materials. 2-methoxyethanol [CH3OC2H4OH] (99.0%, Fluka) 
and Acetic acid [CH3COOH] (J T Baker) were used as solvents. 
 
2.1.2 Experimental Procedure 
 
The experimental procedure for preparation of Pb(Mg1/3Ta2/3)1-xTixO3 precursor 
solution is outlined in Figure 2.1. Appropriate amounts of Mg(C2H3O2)2⋅4H2O, as 
required by the stoichiometric composition of Pb(Mg1/3Ta2/3)1-xTixO3, x = 0.4 and 0.3, 
respectively, were weighed out and dissolved in the mixture of 2-methoxyethanol and 
Acetic acid (volume ratio 3:1), followed by dehydration at 105 °C under stirring. 
Appropriate amounts of Ti(OCH2CH3)4 and Ta(OCH2CH3)5, as required by the 
stoichiometric composition of Pb(Mg1/3Ta2/3)1-xTixO3, x = 0.4 and 0.3, were mixed in 
to form Mg-Ti-Ta precursor solution. Appropriate amounts of Pb(C2H3O2)2⋅3H2O, as 
required by the stoichiometric composition of Pb(Mg1/3Ta2/3)1-xTixO3, x = 0.4 and 0.3, 
were weighed out. In addition, different excess amounts of Pb(C2H3O2)2⋅3H2O were 
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added in order to compensate the likely lead-loss at the annealing process, prior to the 
dissolve in the mixture of 2-methoxyethanol and Acetic acid (volume ratio 3:1), 
followed by dehydration at 105 °C under stirring. Finally, the Pb precursor solution 
was mixed with the as-prepared Mg-Ti-Ta precursor solution to form the Pb-Mg-Ti-Ta 
precursor solution. The whole preparation process was performed in a nitrogen gas 
atmosphere. Pb(Mg1/3Ta2/3)1-xTixO3 precursor thin films were deposited onto 
Pt/Ti/SiO2/Si substrates by spin coating at 3000 rpm for 30 s. After each coating of the 
precursor solution, an immediate pyrolysis at 350 °C for 60 s on a hot plate was 
performed to remove the residual organics. Finally, the films were heat-treated (5 
°C/min) in a furnace at various temperature ranges from 600 °C to 750 °C in a Pb-rich 
atmosphere. 
 





at 105 °C 
Mg2+-Ti4+-Ta5+ precursor solution 
Dehydrated 
at 105 °C 
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2.2 Pb(Mg1/3Ta2/3)1-xTixO3 (x = 0.3) Thin Films by RF Magnetron 
Sputtering 
 
2.2.1 Starting Materials 
 
The starting materials for target preparation were Lead oxide [PbO] (99%, Aldrich), 
Magnesium oxide [MgO] (99.6%, J T Baker), Titanium oxide [TiO2] (99%, Merck) 
and Tantalum oxide [Ta2O5] (99%, Aldrich). 
 
2.2.2 Experimental Procedure 
 
Polycrystalline Pb(Mg1/3Ta2/3)1-xTixO3 (x = 0.3) target was synthesized from the 
constituent oxides of Pb, Mg, Ta and Ti via the Columbite route [47], where formation 
of the undesirable pyrochlore phase was suppressed. The Columbite route involves 
the prereaction of MgO and Ta2O5 to form MgTa2O6 prior to the reaction with PbO 
and TiO2, which is described as follows: 
 
(1) The required mixture of MgO and Ta2O5 was prepared by ball mill in alcohol 
for 24 hrs. It was then calcined at 1000 °C for 10 hrs to form MgTa2O6. 
            MgO + Ta2O5 → MgTa2O6                                                                            (2-1) 
 
(2) The required mixture of PbO, TiO2 and MgTa2O6 was then prepared by ball 
mill in alcohol for 24 hrs. It was then calcined at 850 °C for 5 hrs. Due to the 
highly volatile nature of Pb at high temperature, 15% excess amount of PbO 
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was added to compensate the likely lead loss in order to generate a 
stoichiometric Pb(Mg1/3Ta2/3)0.7Ti0.3O3 composition. 
            3PbO + 0.9TiO2 + 0.7MgTa2O6 → 3Pb(Mg1/3Ta2/3)0.7Ti0.3O3                        (2-2) 
 
(3) The resulting Pb(Mg1/3Ta2/3)0.7Ti0.3O3 powder was ball-milled in alcohol for 24 
hrs, followed by drying and compacting into pellet of 2-inch in diameter, and 
then sintered at 1100 °C for 2h. 
 
During the sputtering process, the chamber pressure was pumped below 1.0×10-5 Torr 
with a turbo-molecular pump system. Ar was then introduced as active reagents to 
provide positive ions for sputtering. The working pressure was varied from 10 mTorr 
to 25 mTorr, while the RF power was maintained at 50 W. Pb(Mg1/3Ta2/3)0.7Ti0.3O3 
thin films were deposited onto Pt/Ti/SiO2/Si substrates, which were subsequently 
annealed at temperatures in the range of 450 °C to 700 °C. 
 
2.3 Sandwich Structured PZT/PMTT/PZT Thin Films  
 
2.3.1 Starting Materials 
 
To prepare the sandwich structured PZT/PMTT/PZT thin films, the bottom and top 
PZT thin films were deposited via a sol-gel route, while the middle PMTT interlayer 
was synthesized using RF magnetron sputtering. 
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For the sol-gel derived PZT thin film layers, the starting materials are Lead acetate 
trihydrate [Pb(C2H3O2)2⋅3H2O] (99.5%, Aldrich), Titanium ethoxide [Ti(OCH2CH3)4] 
(Aldrich), Zirconium propoxide [Zr(OCH2CH2CH3)4] (Aldrich), the solvents used are 
2-methoxyethanol [CH3OC2H4OH] (99.0%, Fluka) and Acetic acid [CH3COOH] (J T 
Baker). 
 
The starting materials for RF sputtering deposited PMTT thin film layer are the same 
as those in Chapter 2.2.1. 
 
2.3.2 Experimental Procedure 
 
An appropriate amount of Pb(C2H3O2)2⋅3H2O, as required by the stoichiometric 
composition of PbZr0.52Ti0.48O3, was weighed out and dissolved in the mixture of 2-
methoxyethanol and Acetic acid (volume ratio: 3:1), followed by dehydration at 105 
°C under stirring. An excess amount of Pb(C2H3O2)2⋅3H2O equivalent to 10 mol% 
PbO was added to compensate for the lead loss in the annealing process. This Pb 
precursor solution was mixed with appropriate amounts of Ti(OCH2CH3)4 and 
Zr(OCH2CH2CH3)4, as required by the stoichiometric composition of PbZr0.52Ti0.48O3, 
forming the Pb-Zr-Ti precursor solution. The deposition process for PZT thin film 
layers was shown in Figure 2.2, where PZT layers were deposited on the Pt/Ti/SiO2/Si 
substrates by spin coating at 3000 rpm for 30 s. To eliminate the solvent, the as-coated 
films were dried at 300 °C for 5 minutes, followed by baking on a hot plate to remove 
the organic components at 500 °C for 20 minutes. This process was repeated several 
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times in order to achieve the desirable thickness. Finally the precursor films were 
crystallized by furnace annealing at 650 °C for 30 minutes. 
 
PZT precursor solution 
Spin Coating at 3000 rpm for 30 s 
Dried at 300 °C for 5 minutes 
Prebaked at 500 °C for 20 minutes 
repeat 
Annealed at 650 °C for 30 minutes 
PZT film 
 
Figure 2.2 Schematic diagram of the deposition process for PZT thin films. 
 
Deposition of the PMTT interlayer was carried out by following the procedure 
described in Chapter 2.2.2.  
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2.4 Thin Film Characterization 
 
2.4.1 X-Ray Diffraction 
 
X-ray diffraction (XRD) is a commonly used nondestructive technique for analyzing 
the phases in thin film samples of various thicknesses. The depth of X-ray beam 
penetration depends on the energy of X-rays and the angle of beam incidence. The 
basic relation for X-ray diffraction is the Bragg’s law: 
       2dsinθ = λ                                                                                                           (2-3) 
where d is the interplanar spacing; 
θ is the Bragg angle; and 
λ is the wavelength of the X-rays [48].  
 
X-ray diffraction for phase identification involves the diffraction of monochromatic 
X-rays by a crystalline material [49]. The resulting pattern for each material consists 
of a set of line positions with varying intensities as a function of 2θ angles. The 
occurrence of a diffraction pattern only takes place when a periodic structure is 
present in the crystalline material. To identify an unknown material, the diffraction 
pattern is matched with those from the standard powder diffraction files. 
 
In this study, the structure and crystallinity of the Pb(Mg1/3Ta2/3)1-xTixO3, PZT and the 
sandwich structured PZT/PMTT/PZT thin films were characterized using an X-ray 
diffractometer (XRD, CuK, Bruker, Germany) operated at 40 kV and 40 mA. Scans 
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were conducted in a continuous mode over the 2θ range of 20° to 60° at a time/step of 
0.3 s with an angle increment of 0.02°.  
 
2.4.2 Scanning Electron Microscopy 
 
Scanning electron microscopy (SEM) is one of the most versatile instruments for the 
examination and analysis of various microstructural characteristics of solid materials, 
where high resolution and three-dimensional images can be readily realized. 
 
In a typical SEM, the electron column consists of an electron gun and two or more 
electron lenses, operating in a vacuum. The electron gun produces a source of 
electrons, which are accelerated to an energy level in the range of 1~40 keV. Electron 
lenses are used to reduce the diameter of this source of electrons and place a small, 
focused electron beam on the specimen, as shown schematically in Figure 2.3. The 
deflection system is to scan the beam along a line and then displace the line position 
for the next scan so that a rectangular raster is generated on both the specimen and the 
viewing screen. The interactions of the electron beam with the specimen surfaces 
generate several types of signals, two of which are secondary electrons and 
backscattered electrons. When the non-energetic secondary electrons strike the 
scintillator material, the light produced was converted to an amplified electrical signal 
by the photomultiplier tube, the variation of which provides the intensity changes as 
an image [50]. 
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Figure 2.3 Schematic drawing of the electron column, deflection system, and 
electron detectors in a typical SEM (adapted from [50]). 
 
In this project, surface morphologies of the Pb(Mg1/3Ta2/3)1-xTixO3 thin films as well 
as their thicknesses were characterized using SEM (FEG SEM, XL 30, Philips) at an 
accelerating voltage of 15 kV and beam spot size of 4. 
 
2.4.3 Atomic Force Microscopy 
 
Atomic force microscopy (AFM) was invented in 1986 by Binnig, Quate and Gerber 
[51]. It can operate on different surfaces, as its working principle relies on the 
attractive or repulsive forces between the tip and underlying substrate, where three 
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dimensional images can be reconstructed. The extremely high lateral resolution of 
AFM makes it an ideal choice for studying surface morphology and roughness. 
 
AFM images are obtained by measuring the force on a sharp tip created at the 
proximity to the sample surface [51]. When the tip is moved, it will follow the surface 
contours such as the trace B in Figure 2.4. 
 
 
Figure 2.4 Description of the principle operation of an AFM. The tip follows 
contours B, constant force between tip and sample is maintained. (adapted from 
[51]). 
 
The basic set-up of an AFM includes three essential components: (1) a cantilever with 
a sharp tip, (2) a scanner that controls the x-y-z position, and (3) the feedback control 
and loop. AFM can be subdivided into various operational modes, which are 
commonly referred to as contact, noncontact, tapping and lateral force, etc. Among 
these, tapping mode AFM offers several advantages, including higher lateral 
resolution, a lower level of force and thus less damage to soft samples imaged in air. 
Experimental set-up of tapping mode AFM is shown in Figure 2.5. 
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Figure 2.5 Experimental set-up for tapping mode AFM. 
 
Tapping mode AFM operates by scanning a tip attached to the end of an oscillating 
cantilever across the sample surface. The cantilever is oscillated at or near its 
resonance frequency with an amplitude ranging typically from 20 nm to 100 nm. The 
frequency of oscillation can be at or on either side of the resonant frequency. The tip 
lightly “taps” on the sample surface during scanning, contacting the surface at the 
bottom of its swing. The feedback loop maintains constant oscillation amplitude by 
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maintaining a constant RMS of the oscillation signal acquired by the split photodiode 
detector. The vertical position of the scanner at each (x, y) data point, in order to 
maintain a constant “set-point” amplitude, is stored by the computer to form the 
topographic image of the sample surface. By maintaining a constant oscillation 
amplitude, a constant tip-sample interaction is maintained during imaging.  
 
In this study, surface textures of the PZT, PMTT and the sandwich structured 
PZT/PMTT/PZT thin films, were characterized using atomic force microscopy (AFM, 
Di digital instruments, Santa Barbara, CA, USA) at a scan angle of 0° and scan rate of 
1.00 Hz. Key information on the mean grain size and surface roughness was derived 
from the AFM studies. 
 
2.4.4 Dielectric and Ferroelectric Properties 
 
A simple plate capacitor consists of a dielectric material sandwiched between two 
electrodes. Its total capacitance is given by Equation (1-3). 
 
An Impedance Analyzer (Solatron 1261 Impedance Grain-Phase Analyzer, 
Farnborough, UK), together with a dielectric interface (Solatron 1296) were used in 
this work to characterize the ferroelectric and dielectric properties of the thin film 
samples. For this, gold top electrodes with a diameter of 0.5 mm were deposited on 
the film surfaces through a shadow mask by sputtering. The relative permittivity and 
dielectric loss were then measured at the application of an alternating current of 0.1 V 
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at frequencies ranging from 0.1 Hz to 105 Hz. A Radiant precise workstation (Radiant 
Technologies, Medina, NY, USA) was employed to characterize the ferroelectric 
properties of the same films. 
 
2.4.5 X-ray Photoelectron Spectroscopy 
 
X-ray photoelectron spectroscopy (XPS), also known as ESCA (electron spectroscopy 
for chemical analysis), has its origins in the investigations of the photoelectric effect 
(discovered by Herz in 1887) in which X-ray was used as the exciting photon source. 
After the World War II, Steinhardt and Serfass conceived the idea of reviving XPS as 
an analytical tool, particularly for studying surface chemical phenomena [52]. 
Meanwhile, device developments were under way in Uppsala, Sweden. In 1954, the 
first X-ray photoelectron spectrum from cleaved Sodium chloride was obtained. 
Subsequently, Siegbahn’s group observed the chemical shift effect on core-level 
binding energies and went on to develop the whole field of electron spectroscopy 
during the period of 1955~1970 [52]. 
 
XPS is very sensitive to the chemical states and surface composition, even for thin 
films. It is a technique in which photoelectrons from inner shells are expelled by X-
ray radiation of known energy. The kinetic energy of these photoelectrons is measured. 
All these X-rays give rise to photoelectron emission according to the equation 
       Ek = hν – EB – φ                                                                                                  (2-4) 
where Ek is the measured electron kinetic energy; 
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          hν is the energy of the exciting radiation; 
          EB is the binding energy of the electron in the solid; and 
          φ is the “work function” (a catch-all term whose precise value depends on both 
sample and spectrometer). 
 
Thus each characteristic X-ray will give rise to a series of photoelectron peaks which 
reflect the discrete binding energies of the electrons present in the solid. The 
technique has found extensive applications in structural characterizations for a variety 
of inorganic and organic materials, by an appropriate correlation of measured electron 
binding energies of atoms in molecules. In this study, XPS was employed to 
investigate the chemical bonding and chemical composition of the sandwich 
structured PZT/PMTT/PZT thin film. 
 
2.4.6 Secondary Ion Mass Spectroscopy 
 
The first experiments dealing with secondary ion mass spectroscopy (SIMS) were 
performed in the late 1930’s by Arnot and coworkers [53] and Sloane [54], as part of a 
general study on the negative ion formation resulting from ion bombardment of metal 
surfaces. The interest in SIMS as a tool for surface and bulk solid analysis has grown 
steadily from the mid-1960’s [55]. 
 
SIMS is a very useful analytical technique for performing depth profiles. It is 
performed by ion etching, combined with mass analysis of the sputtered particles. An 
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energetic ion impinging on a solid is either backscattered from a surface atom or it 
enters the solid and dissipates its energy to lattice atoms through a number of 
collisions. Sputtering takes place when the recoil atoms produced at or near the 
surface have enough energy to escape the solid. The sputtered atoms or fragments 
leave the surface in a neutral, excited, or ionic state. The sputtered species are mass 
analyzed by a quadrupole mass spectrometer. The secondary ions extracted by the 
primary ion beam bombardment are accelerated and transmitted to the quadrupoles. A 
potential consisting of a constant (direct current, DC) component and an oscillating 
(radio frequency, RF) component is applied to one pair of the quadrupoles; however, 
an equal but opposite voltage is applied to the other. The rapid periodic switching of 
the field sends most ions into unstable oscillations with increasing amplitude until 
they strike the quadrupoles and thus they are not transmitted. In contrast, ions with 
certain mass to charge ratio that are propagating in a stable periodic trajectory of 
limited amplitude are transmitted successfully. By increasing the DC and RF fields 
whilst maintaining a constant ratio between them, a resonant condition is then 
satisfied for ions in different masses, allowing the collection of a complete mass 
spectrum. 
 
In this study, SIMS studies were performed, giving the depth profile information on 
the sandwich structured PZT/PMTT/PZT thin films. Ar gun was used to sputter atoms 
at an energy of 3 keV and current of 60 nA. Information was collected using Ga gun 
at an energy of 25 keV and current of 2 pA. 
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CHAPTER 3 Pb(Mg1/3Ta2/3)1-xTixO3 THIN FILMS 
 




As mentioned in Chapter 1, although Pb(Mg1/3Ta2/3)O3 (PMT) exhibits a similar 
structure as that of Pb(Mg1/3Nb2/3)O3 (PMN), it is however difficult to retain the 
wanted perovskite structure. Undesirable secondary phases (pyrochlore phases) 
always coexist with the desired perovskite phase and the subsequent transition from 
pyrochlore to perovskite is almost impossible. Such pyrochlore phases exhibit a rather 
low relative permittivity and their existence severely degrades the dielectric properties. 
The Columbite method, introduced by Swarts and Shrout [47], can successfully 
suppress the formation of pyrochlore phases in PMT-based ceramics. Almost all the 
previous studies were focused on Pb(Mg1/3Ta2/3)1-xTixO3 in bulk forms; however, this 
method cannot be utilized in thin film fabrications. Formation of Pb(Mg1/3Ta2/3)1-
xTixO3 thin films is more difficult than that of bulk ceramic forms, since there are 
several parameters involved that influence the retention of perovskite phase in thin 
films. To my best knowledge, no proper studies have been made with Pb(Mg1/3Ta2/3)1-
xTixO3 thin films, although they exhibit superior ferroelectric and dielectric behaviors 
in bulk ceramic forms. Indeed, for a number of technologically important applications, 
Pb(Mg1/3Ta2/3)1-xTixO3 thin films are also of considerable interest. 
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Among the various techniques developed for thin film depositions, sol-gel method 
demonstrates a relatively low calcination and sintering temperature [56]. Indeed, 
Pb(Mg1/3Nb2/3)1-xTixO3 (PMNT) thin films of various compositions have been 
successfully synthesized via sol-gel routes. It is therefore of particular interest to 
study the feasibility of using sol-gel to prepare Pb(Mg1/3Ta2/3)1-xTixO3 thin films. 
 
In this section, two different compositions of Pb(Mg1/3Ta2/3)1-xTixO3 (x = 0.4, 0.3, 
respectively) were chosen for study, where Pb(Mg1/3Ta2/3)0.7Ti0.3O3 is the near-MPB 
composition, and thus optimized dielectric, ferroelectric properties are expected. On 
the other hand, Pb(Mg1/3Ta2/3)0.6Ti0.4O3 is a composition above MPB, and therefore its 
perovskite structure is more stable than that of Pb(Mg1/3Ta2/3)0.7Ti0.3O3. Sol-gel 
method was employed to prepare these thin films and the experimental parameters 
that influenced the formation of perovskite phase were explored. 
 
3.1.2 Pb(Mg1/3Ta2/3)0.6Ti0.4O3 Thin Films Derived from Sol-Gel 
 
3.1.2.1 Effects of Post-Annealing Temperature 
 
3.1.2.1.1 Phase Evolution 
 
Figure 3.1(a) shows XRD θ-2θ scans of the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 
thin films annealed at various temperatures ranging from 600 °C to 750 °C. All these 
XRD patterns showed that perovskite and pyrochlore phases coexisted, which were 
indicated by the diffraction peaks at 2θ angles of 22.3°, 31.7°, 39.1°, 45.0°, 45.5° and 
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56.5°, corresponding to the tetragonal Pb(Mg1/3Ta2/3)0.6Ti0.4O3 (100), (110), (111), 
(002), (200) and (211) planes, and those peaks at 2θ angles of 29.5°, 34.3°, 49.2° and 
58.6°, corresponding to pyrochlore (222), (400), (440) and (533) planes, respectively. 
Occurrence of small pyrochlore grains has often been observed as secondary phases in 
the fabrication of lead-based ceramics of complex perovskite structure. Pyrochlore 
phases are formed as a result of lead deficiency or lead loss during thermal annealing 
[57,58]. Figure 3.2 shows the amounts of perovskite phase calculated from the XRD 
traces of Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films annealed at different temperatures. It was 
calculated on the basis of the following equation: 
       Perovskite (%) = IPE(110) × 100/[IPE(110) + IPY(222)]                                       (3-1) 
where IPE(110) and IPY(222) are XRD intensities for perovskite (110) and for 
pyrochlore (222), respectively. 
 
As shown in Figure 3.1(a) and Figure 3.2, the amount of perovskite phase is low when 
annealed at 600 °C. It increases with increasing annealing temperature at the expense 
of pyrochlore phase. Increasing the annealing temperature to 725 °C results in an 
apparent decrease in the percentage of pyrochlore phase. Formation of the perovskite 
phase in the sol-gel derived thin film thus involves the pyrochlore phase as a 
transitional phase over the intermediate temperature range [59]. At low thermally 
annealed temperature, the thin film was amorphous. With increasing temperature, the 
pyrochlore phase underwent crystallization, followed by the formation of perovskite 
phase at higher temperatures. However, too high an annealing temperature induced 
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the lead loss, leading to the formation of the unwanted pyrochlore phase, the amount 
of which increased when the annealing temperature increased to 750 °C. 













































Figure 3.1 XRD patterns of the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films 
annealed at different temperatures: (a) 600 °C, (b) 650 °C, (c) 700 °C, (d) 725 °C, 
and (e) 750 °C. 





















Figure 3.2 The amounts of perovskite phase calculated from the XRD traces of 
the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films annealed at different 
temperatures. 
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3.1.2.1.2 Polarization Behaviors 
 
To further investigate the dependence of ferroelectric behaviors on annealing 
temperature, Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films of ~360 nm in film thickness were 
deposited and then thermally annealed at different temperatures. Figure 3.3 shows P-E 
hysteresis loops of the Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films annealed at 600 °C, 650 °C 
and 725 °C, respectively. Their hysteresis loops are slightly asymmetric about the zero 
bias axis, indicating that some charges are accumulated at the interface between film 
and electrode [59]. The loops are not well-saturated, owing to the leakage at high 
electric field, which is induced by the defects and charge carriers involved. The thin 
film annealed at 725 °C exhibits a higher remanent polarization than those annealed at 
600 °C and 650 °C apparently due to the increase in both the amount of perovskite 
phase and crystallinity with rising annealing temperature. 
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Figure 3.3 P-E hysteresis loops of the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin 
films annealed at different temperatures. (Film thickness: 360 nm). 
 
3.1.2.1.3 Dielectric Behaviors 
 
The relative permittivity and dielectric loss of the Pb(Mg1/3Ta2/3)0.6Ti0.4O3 films 
annealed at three different temperatures of 600 °C, 650 °C and 725 °C, respectively, 
were shown in Figure 3.4. The relative permittivity increases from 270 to 320, and 
then to 760 at 100 kHz when the annealing temperature is raised from 600 °C to 650 
°C, and then to 725 °C. This is due to the increase in the amount of perovskite phase 
when the annealing temperature increases from 600 °C to 725 °C. Any presence of 
pyrochlore phase is detrimental to the dielectric properties. Besides, the relative 
permittivity can be also affected by the increase in sintered density. Over the 
frequencies of 100 Hz to 100 kHz, the dielectric loss for the Pb(Mg1/3Ta2/3)0.6Ti0.4O3 
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films annealed at the three different temperatures increases slightly with increasing 












































Figure 3.4 Frequency dependence of (a) relative permittivity and (b) dielectric 
loss for the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films annealed at different 
temperatures. (Film thickness: 360 nm). 
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3.1.2.2. Effects of Excess PbO in Precursor Solution 
 
3.1.2.2.1 Phase Evolution 
 
The effect of excess of PbO additions to the precursor solution before deposition was 
investigated for the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films annealed at 725 
°C. Figure 3.5 shows XRD θ-2θ scans of the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 
thin films with different amounts of excess PbO in the precursor solution. Figure 3.6 
further shows the amounts of perovskite phase calculated from the XRD traces shown 
in Figure 3.5. No additional crystalline phases other than perovskite and pyrochlore 
were detected by XRD. It is of interest to note that the formation of perovskite phase 
in Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films was aided by the addition of an appropriate 
amount of excess PbO. Tuttle et al. [60] have also reported an enhanced perovskite 
phase development with excess Pb for PbZr1-xTixO3 thin films prepared from solution 
deposition. Volatile PbO can be lost at the annealing temperature involved. 
Evaporation rates for thin films are likely to be high because of their high surface 
area-to-volume ratio. An appropriate amount of excess PbO appears to suppress the 
formation of pyrochlore phase. However, too much excess PbO in the precursor 
solution can lead to the formation of Pb-based liquid phase during annealing, which 
accelerates the PbO evaporation rate, leading to an increase in the amount of 
pyrochlore phase [61]. 
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Figure 3.5 XRD patterns of the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films 
with different amounts of excess PbO in the precursor solution: (a) 5 mol% 
excess, (b) 10 mol% excess, (c) 20 mol% excess, (d) 30 mol% excess, (e) 35 mol% 
excess, (f) 40 mol% excess, and (g) 50 mol% excess. 


























Figure 3.6 The amounts of perovskite phase calculated from the XRD traces of 
the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films with different amounts of 
excess PbO in the precursor solution. 
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3.1.2.2.2 Surface Texture 
 
Figure 3.7 shows the surface texture of the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 
thin films with different excess PbO in the precursor solution before deposition. It was 
observed that large perovskite grains were surrounded by fine grains, which were 
non-perovskite. As the excess level of PbO in the precursor solution increased from 
10 mol% to 30 mol%, the amount of non-perovskite phase decreased. However, it 
increased again when the amount of excess PbO was raised to 35 mol%, which was 
consistent with what had been observed in XRD patterns. 
 
                      
                            (a)                                                                           (b) 
 
(c) 
Figure 3.7 SEM images showing the surface texture of the sol-gel derived 
Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films with different excess PbO in the precursor 
solution: (a) 10 mol% excess, (b) 30 mol% excess, and (c) 35 mol% excess. 
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3.1.2.2.3 Polarization and Dielectric Behaviors 
 
The polarization behaviors of the Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films with different 
amounts of excess PbO in the precursor solution, are shown in Figure 3.8. The 
remanent polarization is 5.3, 7.2, 14.0 and 9.8 µC/cm2 for the Pb(Mg1/3Ta2/3)0.6Ti0.4O3 
thin films derived from 10 mol%, 20 mol%, 30 mol% and 35 mol% excess PbO in 
precursor solution, respectively. This is agreeable with what has been shown by XRD 
phase analysis, where the perovskite content increases with the increasing excess PbO 
level from 10 mol% to 30 mol%, but decreases when the amount of excess PbO is too 
high. 
























Figure 3.8 P-E hysteresis loops of the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin 
films with different levels of excess PbO in the precursor solution. (Film 
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The relative permittivity and dielectric loss of the Pb(Mg1/3Ta2/3)0.6Ti0.4O3 films 
derived from different amounts of excess PbO in the precursor solution, were shown 
in Figure 3.9. The relative permittivity increases as the amount of excess PbO in the 
precursor solution increases from 5 mol% to 30 mol%. It is 200, 290, 320 and 800 at 
100 kHz for the Pb(Mg1/3Ta2/3)0.6Ti0.4O3 film derived from 5%, 10%, 20%, 30% 
excess PbO in the precursor solution, respectively. There occurs a decrease in relative 
permittivity to 400 at 100 kHz, if further increasing the amount of excess PbO to 35%. 
This is consistent with what have been observed in XRD patterns, where the 
perovskite content increases with increase in the excess amount of PbO in the 
precursor solution from 5 mol% to 30 mol%, while the further increase results in a 
decrease in perovskite content. As shown in Figure 3.9(b), the film derived from 30 






















































































Figure 3.9 Frequency dependence of (a) relative permittivity and (b) dielectric 
loss for the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films with different levels 
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3.1.3 Pb(Mg1/3Ta2/3)0.7Ti0.3O3 Thin Film Derived from Sol-Gel 
 
3.1.3.1 Phase Evolution 
 
Figure 3.10 shows the XRD traces of the sol-gel derived Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin 
films thermally annealed at different temperatures. Sharp peaks of pyrochlore phase 
were observed when the annealing temperature was 600 °C. With rising annealing 
temperature to 675 °C (Figure 3.10(c)), several newly formed diffraction peaks were 
established at 2θ angles of 22.1°, 31.5°, 38.8°, 44.9° and 56.1°, respectively, which 
belong to the perovskite Pb(Mg1/3Ta2/3)0.7Ti0.3O3 (100), (110), (111), (200) and (211) 
planes. However, pyrochlore phase was still the predominant phase. This 
demonstrated that a small fraction of pyrochlore phase transformed into perovskite 
phase with increasing temperature. The intensities of these perovskite peaks were 
further enhanced when the annealing temperature was raised to 725 °C. This confirms 
again that the formation of the perovskite phase in the sol-gel derived precursor 
involves the pyrochlore phase as a transitional phase over the intermediate 
temperature range. It is a typical process for the Pb(B’B”)O3 complex perovskites 
[60]. However, when annealed at 725 °C, only a small amount of pyrochlore phase 
was observed in Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin film (Figure 3.1(d)), but a larger amount 
of pyrochlore phase existed in Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film (Figure 3.10(e)). A 
similar observation was reported for Pb(Mg1/3Nb2/3)1-xTixO3 (PMNT) thin films, 
where the temperature required for forming the perovskite phase increases with 
increasing PMN content [62]. Therefore, the formation temperature required for the 
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perovskite phase in the sol-gel derived Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film is higher than 
that in Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin film. However, too high an annealing temperature 
is associated with the likely lead loss and decomposition of the perovskite phase. 
Therefore, Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film of single perovskite phase was not 
achieved in this work. 
20 30 40 50 60
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Figure 3.10 XRD patterns of the sol-gel derived Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films 
annealed at different temperatures: (a) 600 °C, (b) 650 °C, (c) 675 °C, (d) 700 °C, 
and (e) 725 °C. 
 
3.1.3.2 Electrical Properties 
 
The sol-gel derived Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films exhibited poor ferroelectric and 
dielectric properties, due to the presence of pyrochlore phase. When annealed at 725 
°C, which has a higher perovskite content than those annealed at lower temperatures, 
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the film exhibited a rather low remanent polarization of 5 µC/cm2 and relative 
permittivity of 270, as shown in Figure 3.11 and 3.12, respectively. 
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Figure 3.11 P-E hysteresis loop of the sol-gel derived Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin 
film annealed at 725 °C. 
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Figure 3.12 Frequency dependence of the relative permittivity and dielectric loss 
for the sol-gel derived Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film annealed at 725 °C. 
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As discussed above, Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films of single perovskite phase 
were not successfully obtained via the sol-gel route. This can be due to the difficulty 
in maintaining the required stoichiometry in solution, as some of the starting materials 
are extremely moisture-sensitive. Therefore, a physical vapor deposition (PVD) 
technique, such as RF magnetron sputtering can avoid such problems. In this section, 
RF magnetron sputtering was employed to synthesize the pyrochlore-free 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films and the resulting films were investigated for their 
ferroelectric and dielectric properties. 
 
3.2.2 Effects of Working Pressure 
 
3.2.2.1 Phase Evolution 
 
Both the working pressure of RF magnetron sputtering and post-annealing 
temperature were controlled and varied, in order to form the wanted 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 of single perovskite phase. The effects of working pressure on 
formation of perovskite phase in the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films annealed at 
600 °C for 0.5h, are shown by the XRD traces in Figure 3.13. At the working pressure 
of 10 mTorr, as shown in Figure 3.13(a), perovskite and pyrochlore phases coexisted, 
which were indicated by the diffraction peaks at 2θ angles of 22.1°, 31.5°, 38.8°, 
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44.9° and 56.1°, corresponding to the perovskite Pb(Mg1/3Ta2/3)0.7Ti0.3O3 (100), (110), 
(111), (200) and (211) planes, and those peaks at 2θ angles of 29.2°, 34.0°, 48.7° and 
57.7°, corresponding to pyrochlore (222), (400), (440) and (533) planes, respectively. 
The intensities of perovskite peaks were further enhanced when the working pressure 
was varied from 15 mTorr to 20 mTorr, at the expense of pyrochlore phase. There was 
only a small and broadened hump at 2θ angle of 29.2° for the film derived from 20 
mTorr. A single perovskite phase was obtained when the working pressure was 
increased to 25 mTorr. It was further identified on the basis of these XRD traces that 
the perovskite Pb(Mg1/3Ta2/3)0.7Ti0.3O3 phase exhibited a pseudocubic structure, which 
was in an agreement with what has been observed for a similar composition in bulk 
ceramic forms [34]. 









































Figure 3.13 XRD patterns of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films deposited at 
different working pressures: (a) 10 mTorr, (b) 15 mTorr, (c) 20 mTorr, and (d) 25 
mTorr. They were deposited for 4 hours at the working pressure indicated and 
then thermally annealed at 600 °C for 0.5 h. 
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The enhancement of perovskite content with increasing working pressure can be 
explained by the reduction of the film deposition rate during the sputtering process. 
As shown in Figure 3.14, the deposition rate of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3  film 
decreases with the increase in working pressure from 10 mTorr to 25 mTorr. Turner, et 
al [26] reported that deposition rate was affected by both the working pressure and 
target-to-substrate distance, where the deposition rate increased with decreasing 
working pressure or target-to-substrate distance. In the present study, the target-to-
substrate distance was fixed at 15 cm, so that the deposition rate was expected to 
increase with a decrease in working pressure. At low pressures, the number of ion 
collisions decreases during the transport process through plasma, facilitating 
deposition onto substrate. Sputtered species are often deposited on an unstable surface 
if the deposition rate is ‘fast’ and then the heterogeneous nucleation results [63], 
leading to formation of structural defects. This is due to the accumulation at a faster 
rate than the rearrangement on the growing surface. Therefore, a high pressure of 25 
mTorr is preferred in order to maintain the structural stoichiometry of 
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Figure 3.14 Deposition rate vs. working pressure for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 
thin films, which were subsequently annealed at 600 °C. 
 
3.2.2.2 Polarization Behaviors 
 
The polarization behaviors of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films deposited at four 
different working pressures of 10, 15, 20 and 25 mTorr, respectively, are shown in 
Figure 3.15. Their hysteresis loops are slightly asymmetric about the zero bias axis, 
which suggests that some charges are accumulated at the interfaces between film and 
electrode [59]. The loops are not well-saturated, owing to the leakage at high electric 
field, which is induced by certain defects and charge carriers generated from 
preparation and electrical measurement process. Apparently, both the polarization and 
coercive field increase with increasing working pressure from 10 mTorr to 25 mTorr. 
The remanent polarization is 10.7, 12.1, 15.6 and 22.5 µC/cm2 for the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films derived from the working pressures of 10, 15, 20 
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and 25 mTorr, respectively. This is agreeable with what has been shown by XRD 
phase analysis, which showed that the perovskite content increased with rising 
working pressures from 10 mTorr to 25 mTorr. 
























Figure 3.15 P-E hysteresis loops of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films 
deposited under different working pressures: (a) 10 mTorr, (b) 15 mTorr, (c) 20 
mTorr, and (d) 25 mTorr. They were deposited for 4 hours at the working 
pressure indicated and then thermally annealed at 600 °C for 0.5 h. 
 
3.2.2.3 Dielectric Behaviors 
 
The frequency dependence of the relative permittivity and dielectric loss for the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films derived from four different working pressures, are 
shown in Figure 3.16. They all show a decrease in relative permittivity with the 
increase in measurement frequency. At 100 kHz, the relative permittivity is 510, 1720, 
1880 and 2015 for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films derived from the working 
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pressures of 10, 15, 20 and 25 mTorr, respectively. Apparently, the relative 
permittivity increases with the increase in perovskite content, as the presence of any 
pyrochlore phase is detrimental to the dielectric properties. As shown in Figure 
3.16(b), over the frequencies of 10 to 100 Hz, the thin film derived from 10 mTorr 
exhibits a much higher dielectric loss than those of the films derived from 15, 20 and 
25 mTorr. This is consistent with what is shown in Figure 3.15, where the polarization 
loop is not well-saturated for the film derived from 10 mTorr, indicating a relatively 
large leakage at high electric field. Apparently the presence of the unwanted 
pyrochlore phase, which has been identified by the XRD phase analysis shown in 
Figure 3.13, is an undesirable parameter for the dielectric loss. In addition, the 
structural defects brought about by the low working pressure will also lead to an 
increase in the dielectric loss and high leakage. While the film derived from 15 mTorr 
exhibits the lowest dielectric loss among the four film samples, the relatively high 
dielectric loss observed for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films in the present work 
is comparable to those reported for Pb(Mg1/3Ta2/3)1-xTixO3 of similar compositions in 
bulk ceramic forms [34,35]. They are due to the structural defects and charge carriers 
concentrated at the grain boundaries and the interface between film and electrode, 
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Figure 3.16 Frequency dependence of (a) relative permittivity and (b) dielectric 
loss for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films deposited under different working 
pressures. They were deposited for 4 hours at the working pressure indicated 
and then thermally annealed at 600 °C for 0.5 h. 
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3.2.3 Effects of Post-Annealing Temperature 
 
3.2.3.1 Phase Evolution 
 
Phase development in Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films is also affected by the post-
annealing temperature. Figure 3.17 shows the XRD patterns of the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films deposited at 25 mTorr and annealed at different 
temperatures. It was amorphous before thermal annealing (see Figure 3.17(a)) and 
underwent crystallization upon thermal annealing at 450 °C (Figure 3.17(b)). Well-
established perovskite phase was resulted, when the film was thermally annealed at 
temperatures of 500 °C and 600 °C, as shown in Figures 3.17(c) and 3.17(d), 
respectively. However, upon thermal annealing at 650 °C, a small hump appeared at 
2θ angle of 29.2°, indicating the formation of a trace amount of pyrochlore phase 
(Figure 3.17(e)). With further increase in annealing temperature to 700 °C, perovskite 
and pyrochlore phases coexisted (Figure 3.17(f)). Formation of pyrochlore phases at 
too high an annealing temperature is a result of the lead loss occurring at the thermal 
annealing temperature. 
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Figure 3.17 XRD patterns of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films annealed at 
different temperatures: (a) before annealing, (b) 450 °C, (c) 500 °C, (d) 600 °C, (e) 
650 °C, and (f) 700 °C. They were all deposited at a working pressure of 25 
mTorr for 4 h, followed by thermal annealing at the temperature indicated. 
 
3.2.3.2 Surface Texture 
 
Figure 3.18 are the AFM micrographs showing the surface textures of the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films annealed at four different temperatures of 500 °C, 
600 °C, 650 °C and 700 °C, respectively. Both the mean grain size and average 
roughness increase with the increase in annealing temperature. For example, the mean 
grain size is 46.5, 61.4, 66.5 and 80.8 nm for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films 
derived from annealing temperatures of 500, 600, 650 and 700 °C, respectively. The 
observed increase in grain size and surface roughness with annealing temperature is 
due to the crystallization and grain coarsening with rising annealing temperature. 
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Figure 3.18 AFM images showing surface textures of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 
thin films annealed at different annealing temperatures: (a) 500 °C, (b) 600 °C, (c) 
650 °C, and (d) 700 °C. They were deposited at a working pressure of 25 mTorr 
for 4 h. 
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3.2.3.3 Ferroelectric Behaviors 
 
To further investigate the dependence of ferroelectric behaviors on the annealing 
temperature, Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films with a thickness of ~180 nm were 
deposited and then thermally annealed at different temperatures. Figure 3.19 (a-e) 
shows P-E hysteresis loops of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films annealed at 450 
°C, 500 °C, 600 °C, 650 °C and 700 °C, respectively. The thin film annealed at 600 
°C (Figure 3.19(c)) exhibits a higher remanent polarization than those annealed at 450 
°C (Figure 3.19(a)) and 500 °C (Figure 3.19(b)), apparently due to an increase in 
crystallinity with increasing annealing temperature. This is because 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films can grow rapidly at high temperature by diffusing 
mechanism. However, ferroelectric properties are degraded at high annealing 
temperatures, such as 650 °C and higher, because perovskite phase in the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films decreased due to the loss of PbO and the emergence 
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Figure 3.19 (a-e) P-E hysteresis loops of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films 
annealed at different temperatures. They were deposited at a working pressure 
of 25 mTorrr for 4 hours, followed by thermal annealing at the temperature 
indicated. (Film thickness: 180 nm). 
 
3.2.3.4 Dielectric Behaviors 
 
The relative permittivity and dielectric loss of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 films 
annealed at five different temperatures of 450 °C, 500 °C, 600 °C, 650 °C and 700 °C, 
respectively, were shown in Figure 3.20. The relative permittivity increases from 745 
to 1550, and then to 2015 at 100 kHz when the annealing temperature is raised from 
450 °C to 500 °C, and then to 600 °C. Such correlation between the relative 
permittivity and annealing temperature could be accounted for by the change in 
crystallinity and grain size with annealing temperature, where a larger grain size 
results in a smaller volume of grain boundaries that lower the relative permittivity. 
However, further increasing the annealing temperature to 650 °C, and then to 700 °C, 
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the relative permittivity shows a decrease to 1145, then to 900 at 100 kHz, which is 
apparently due to the occurrence of the unwanted pyrochlore phase. Over the 
frequency range of 1 kHz to 100 kHz, the dielectric loss for the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 films annealed at five different temperatures slightly increases 
with increasing annealing temperature, as shown in Figure 3.20(b). 




























































Figure 3.20 Frequency dependence of (a) relative permittivity and (b) dielectric 
loss for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films annealed at different temperatures. 
They were deposited at a working pressure of 25 mTorrr for 4 hours, followed by 
thermal annealing at the temperature indicated (Film thickness: 180 nm). 
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3.3 Discussions 
 
In this chapter, Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film of single perovskite phase was 
successfully synthesized using RF magnetron sputtering, while it cannot be obtained 
via the sol-gel route as detailed earlier. It is therefore of interest to discuss the possible 
differences between the two synthesis routes. 
 
In the sol-gel route, when alkoxides are used as the starting materials, formation of the 
precursor thin films is based on the hydrolysis and condensation of the alkoxides. 
When an alkoxide and water are mixed in a mutual solvent in the presence of a 
catalyst, hydrolysis of the metal alkoxide results in the formation of a metal hydroxyl 
bond (M-OH), 
       M(OR)x + H2O ↔ (RO)x-1M-OH + ROH                                                          (3-2) 
Then, condensation between the hydroxyl and an alkoxide ligand takes place, 
       (RO)x-1M-OH + (RO)xM ↔ (RO)x-1M-O-M(RO)x-1 + ROH                             (3-3) 
or between two hydroxyl ligands, 
       (RO)x-1M-OH + HO-M(OR)x-1 ↔ (RO)x-1M-O-M(OR)x-1 + H2O                     (3-4) 
 
This results in the formation of a metal-oxygen-metal bridge, which constitutes the 
backbone of any oxide ceramic structure. Continued condensation leads to an increase 
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In the solution, the rates, extents and even the mechanisms of the reactions involved 
are profoundly affected by the electronegativity of the metal cation, the size of the 
alkyl ligand, solution pH, cation type and concentration, solvent/water ratio, 
temperature and pressure. Each of these parameters can affect the structure (hence 
property) development of the ceramic thin films. 
 
The involvement of multicomponent solutions adds further complexity in the sol-gel 
route. In general, different alkoxides do not have the same reactivities, hence mixing 
of different alkoxides usually results in preferred hydrolysis and condensation of one 
species over the others. In the case of Pb(Mg1/3Ta2/3)1-xTixO3, the starting material 
such as Tantalum ethoxide is very moisture-sensitive, hydrolysis takes place 
instantaneously when exposed to any humid air to form Ta2O5. Titanium ethoxide is 
also an unstable starting material, which can decompose upon exposure to air or 
moisture. Therefore, local compositions in the precursor solution before spin coating 
may have deviated from the stoichiometry of Pb(Mg1/3Ta2/3)1-xTixO3. 
 
During the drying and subsequent annealing process, where the precursor was 
converted into ceramic phase, competitions among various processes also exist. 
Indeed, annealing in a conventional furnace cannot precisely control the conversion, 
resulting in the formation of the unwanted pyrochlore phases [62,66]. 
 
In comparison, RF magnetron sputtering has a better control on the process 
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parameters involved. In the process, surface atoms of the target material are removed 
and deposited on a substrate by bombarding the target with ionized gas atoms, where 
the sputtering rates of different species can be controlled. The film properties are 
definitely dependent on the deposition rate, which can be manipulated by varying the 
parameters such as the gas density, target-to-substrate distance and discharge power. 
Therefore, a composition of complex perovskite structure can be effectively sputtered, 
where the film composition can be controlled close to the target composition. The 
resultant thin films exhibit the wanted stoichiometry. 
 
3.4 Fatigue Behaviors of Pb(Mg1/3Ta2/3)0.7Ti0.3O3 Thin Film 
 
Fatigue is defined as the loss of switchable remanent polarization in a ferroelectric 
material with repeated polarization switchings, which is a parameter that has severely 
hindered the full commercialization of ferroelectric memories. Indeed, considerable 
attention has been devoted to the improvement of fatigue resistance of ferroelectric 
thin films [67]. Therefore, it is of interest to investigate the fatigue behaviors of the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film. Figure 3.21 shows the normalized switchable 
polarization of the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film with a single perovskite structure 
as a function of switching cycles. The switchable polarization is defined as the 
difference between P* and P^, where P∗ represents the switching polarization and P∧ 
the nonswitching polarization [68]. There occurs a minimal degradation (~15%) after 
4.5 × 1010 numbers of cycles. When compared to conventional PbZrxTi1-xO3 films on 
Pt electrode, which was reduced to half remanent polarization by continuous 
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polarization reverses of about 108 cycles [69], the fatigue resistance of the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 film is much improved. Similar fatigue properties were also 
demonstrated in Pb(Mg1/3Nb2/3)1-xTixO3 and related relaxor thin films [65,70]. 


































Figure 3.21 Normalized switchable polarization vs. switching cycles (fatigue) for 
the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film derived from RF magnetron sputtering. It 
was deposited at a working pressure of 25 mTorr, followed by thermal annealing 
at 600 °C for 0.5 h. 
 
3.5 Effects of Film Thickness 
 
3.5.1 Dependence of Dielectric Properties on Film Thickness 
 
By controlling the sputtering duration, Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films of different 
film thicknesses were deposited. The dependences of dielectric behaviors on film 
thickness are shown in Figure 3.22. The relative permittivity increases with increasing 
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film thickness of Pb(Mg1/3Ta2/3)0.7Ti0.3O3. Although the film thickness dependence of 
dielectric properties can be related to a number of parameters, such as the formation 
of Schottky barrier [71], grain size [72], grain size distribution [73] and residual stress 
in the film, the main consideration for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films in this 
work is the film-electrode interface. A thin layer capacitor can be modeled by two 
capacitors in series: one is the high-K layer, representing the dielectric layer, and the 
other is the interfacial layer having a low K. The apparent relative permittivity, Ќ, for 
the capacitor can thus be expressed by 
       dt/Ќ = d1/K1 + d2/K2                                                                                            (3-5) 
where dt is the total thickness; 
K1 and d1 are relative permittivity and film thickness of the high-K layer; and 
K2 and d2 are those of low-K interfacial layer. 
Assuming d1 + d2 = dt, Eq. (3-5) becomes 
       1/Ќ = (1/dt) [d2 (1/K2 – 1/K1)] + 1/K1                                                                 (3-6) 
Therefore the film thickness dependence of overall relative permittivity Ќ can be 
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Figure 3.22 Frequency dependence of the relative permittivity and dielectric loss 
for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films derived from RF magnetron sputtering: 
(a) relative permittivity and (b) dielectric loss. They were deposited at a working 
pressure of 25 mTorr and then thermally annealed at 600 °C for 0.5 h. 
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3.5.2 Dependence of Polarization and Coercivity on Film Thickness 
 
Figure 3.23 plots the film thickness dependence of polarization and coercivity for the 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films, where the remanent polarization increases and 
coercive field decreases slightly with increasing film thickness. This suggests that Ec 
is affected by the interfacial layer, where polarization is not highly reversible [74]. As 
the film thickness decreases, the relative contribution from the interfacial layer 
becomes more significant. Therefore a higher electric field is required to overcome 
the interface effect. Similar behaviors have been observed for PbZr1-xTixO3 and 
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Figure 3.23 Film thickness dependence of the remanent polarization (Pr) and 
coercive field (Ec) for the Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin films: (a) Pr vs. electric 
field and (b) Ec vs. electric field. They were deposited at a working pressure of 25 
mTorr and then thermally annealed at 600 °C for 0.5 h. 
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3.6 Remarks 
 
Deposition of perovskite Pb(Mg1/3Ta2/3)1-xTixO3 thin films was attempted by using 
both sol-gel method and RF magnetron sputtering, where the experimental variables 
for each technique were experimented. For the sol-gel derived Pb(Mg1/3Ta2/3)0.6Ti0.4O3 
thin films, both the perovskite content and electrical behaviors were enhanced by a 
rise in annealing temperature, which promoted crystallization and temperature-
induced pyrochlore-to-perovskite transition. However, the likely lead loss at too high 
an annealing temperature is an adverse parameter. The amount of perovskite phase in 
the Pb(Mg1/3Ta2/3)0.6Ti0.4O3 thin films was thus improved by adding an appropriate 
amount of excess PbO in the precursor solution, which helped keep the stoichiometry 
of Pb(Mg1/3Ta2/3)0.6Ti0.4O3. However, too high an amount of excess PbO in precursor 
solution degraded the perovskite content as well as the ferroelectric and dielectric 
properties. Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film of a single perovskite phase was not 
successfully obtained via the sol-gel route, where pyrochlore phase always coexisted 
with perovskite phase. This is attributed to the difficulties in preserving a 
homogeneous precursor solution and the complexities in precisely controlling the 
drying and annealing process. 
 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film of single perovskite phase was successfully realized 
using RF sputter deposition, followed by thermal annealing. The phase evolution, 
surface texture as well as ferroelectric and dielectric properties of 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film were strongly affected by the working pressure 
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during sputtering and post-annealing temperature. A single perovskite phase was 
realized at a working pressure of 25 mTorr and thermal annealing temperature of 600 
°C. Too high an annealing temperature of 650 °C and above resulted in formation of 
pyrochlore phases, while the mean grain size and average roughness increased with 
the increase in annealing temperature. Both remanent polarization and coercive field 
are enhanced by the increase in annealing temperature from 450 °C to 500 °C, and 
then to 600 °C, as a result of the enhanced crystallinity and grain size. Similarly, the 
relative permittivity also shows an increase with the rise in annealing temperature, 
while too high an annealing temperature leads to a fall in relative permittivity, due to 
the occurrence of unwanted pyrochlore phase. The Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film 
exhibits excellent fatigue resistance. The observed dependences of relative 
permittivity and polarization behaviors for Pb(Mg1/3Ta2/3)0.7Ti0.3O3 on film thickness, 
in the range of 115 to 360 nm, can well be accounted for by the interfacial layer effect. 
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CHAPTER 4 SANDWICH STRUCTURED 
PZT/PMTT/PZT THIN FILMS 
 




As discussed in Chapter 3, Pb(Mg1/3Ta2/3)0.7Ti0.3O3 (PMTT) thin films derived from 
RF sputtering, exhibit excellent ferroelectric and dielectric properties, such as a low 
coercive field, improved fatigue resistance and a high relative permittivity. On the 
other hand, as mentioned in Chapter 1, PbZr0.52Ti0.48O3 (PZT) thin film is an excellent 
candidate material for many electrical device applications. However, it is constrained 
by poor fatigue resistance. It is therefore of interest to investigate the feasibility of 
improving the ferroelectric behavior of PZT by combining it with other ferroelectric 
layers, such as PMTT, with an attempt to combine the individual advantages of PZT 
and PMTT thin films. In this chapter, a structure consisting of PMTT layer 
sandwiched between two PZT layers was prepared. XPS surface analysis was 
conducted, assisted by SIMS depth profile measurement, since the composition and 
structures of component layers and their interactions undoubtedly affected the 
electrical behaviors of the sandwich structured thin film. Besides, in order to study the 
charge carriers in the sandwich structured thin film, frequency and temperature 
dependence of conductivity and dielectric behaviors of the same film were 
investigated. 
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4.1.2 Phase Characterization 
 
Upon successful deposition of each component layer in the sandwich structure, the 
films were characterized by using X-Ray Diffractometer (XRD). Figure 4.1 shows the 
XRD traces of the bottom PZT layer, PMTT interlayer and top PZT layer in the 
PZT/PMTT/PZT sandwich structured thin films, respectively, confirming that the PZT 
and PMTT of perovskite structure were preserved. As shown in Figures 4.1(a) and 
4.1(b), diffraction peaks appeared at 2θ angles of 21.9°, 31.1°, 38.3°, 44.6° and 55.3°, 
respectively, correspond to the perovskite PZT (100), (110), (111), (200) and (211) 
planes, and diffraction peaks appeared at 2θ angles of 22.1°, 31.5°, 38.8°, 44.9° and 
56.1°, respectively, correspond to the perovskite PMTT (100), (110), (111), (200) and 
(211) planes. The two sets of diffraction peaks for PZT and PMTT are quite close to 
each other, due to their similarity in perovskite structure and closeness in lattice 
parameters (PZT: 4.07 Å and PMTT: 4.02 Å). No other secondary phases were seen in 
the multilayered PZT/PMTT/PZT thin film. The top PZT layer (Figure 4.1(c)) showed 
enhanced peak intensities, as compared to the bottom PZT layer (Figure 4.1(a)), 
indicating an increase in crystallinity. This is due to the PMTT interlayer served as a 
nucleation site for the growth of the top PZT layer. 
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Figure 4.1 XRD patterns of the PZT/PMTT/PZT sandwich structured films: (a) 
bottom PZT layer, (b) middle PMTT layer, and (c) top PZT layer. 
 
4.1.3 Surface Texture 
 
Figure 4.2 are AFM images showing the surface textures of the PZT-only thin film 
(Figure 4.2(a)) and the PZT/PMTT/PZT film (Figure 4.2(b)) on Pt/Ti/SiO2/Si 
substrates, with approximately the same thickness of 380 nm. As shown in Figure 
4.2(a), a “rosette”-like surface morphology was observed for the PZT thin films 
derived from sol-gel route on Pt/Ti/SiO2/Si substrate. In the sandwich structure, as 
shown in Figure 4.2(b), the rosette structure was suppressed. In addition, both mean 
grain size and average roughness were reduced upon the insertion of PMTT layer. The 
mean grain size is 115 and 90 nm and average roughness is 8.1 and 3.2 nm for the 
PZT-only film and the PZT/PMTT/PZT thin film, respectively. Indeed, it has been 
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reported that the “rosette” texture is related to lead deficiency, when Pb diffused into 
the bottom electrode at the annealing temperature [75,76]. 
 
Such improvement in surface texture can be attributed to the compensation for the 
lead deficiency in the top PZT layer from the insertion of PMTT interlayer, where the 
PMTT interlayer served as an extra-Pb supplier as well as a barrier layer against the 
Pb diffusion in the top PZT layer towards the bottom electrode. The “rosette” 
structure was thus suppressed in the sandwich structured PZT/PMTT/PZT thin film. 
                     
5µm 
                                     
0 0 5µm 
                                (a1)                                                              (a2) 
                     
5µm 
                                    
0 0 5µm 
                                 (b1)                                                            (b2) 
Figure 4.2 The plane-view and top-view AFM images of (a) the PZT-only film 
and (b) the sandwich structured PZT/PMTT/PZT thin film with the same 
thickness of 380 nm. 
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4.1.4 Surface Analysis 
 
Selected survey scans of the electron spectroscopy for chemical analysis spectra of the 
sandwich structured PZT/PMTT/PZT thin film, acquired along different depths 
(totally 21 levels), are shown in Appendix. Each set of the spectra contains in-depth 
information regarding the chemical states as well as compositions in the exposed 
outmost surface layers. The spectra were deconvoluted using a Lorentzian-Gaussian 
fitting program. By curve fitting, the binding energies for the XPS peaks of Pb4f7/2 = 
136.8 eV, Zr3d5/2 = 183.1 eV, Ti2p3/2 = 458.2 eV, O1s = 531.4 eV, Mg2p = 50.8 eV 
and Ta4f7/2 = 26.7 eV are close to the reported values [77,78,79]. As expected, the 
spectra from level 1 to 5 exhibited the dominant peaks of Pb, Zr, Ti and O. In the 
region close to the interface between the top PZT layer and PMTT interlayer (levels 6 
and 7), the peak intensities of Ta and Mg began to increase, while that of Zr decreased. 
From levels 8 to 13, peaks of Pb, Mg, Ta, Ti and O appeared. Starting from level 14, 
Zr peak appeared again and its intensity began to increase, while those peaks of Mg 
and Ta shrank and then disappeared from level 17. XPS peaks of Zr, Mg and Ta were 
screened at the two interfaces between PZT and PMTT, due to the likely interdiffusion 
occurring at the thermal annealing temperature. Weak peaks of Pt were detected in 
level 19 and they grew increasingly stronger at levels 20 and 21, while the peaks of 
Pb, Zr, Ti and O were also identified, indicating the diffusions of these elements into 
the bottom electrode. Figure 4.3 schematically shows the structure of the sandwich 
PZT/PMTT/PZT thin film from the surface to the bottom electrode. 
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Bottom PZT layer: Peaks of Pb, Zr, Ti and O






Top PZT layer: Peaks of Pb, Zr, Ti and O
Interface: Peaks of Pb, Ti, O, Zr  , Mg   and Ta
PMTT interlayer: Peaks of Pb, Mg, Ta, Ti and O










Figure 4.3 Schematic diagram showing the structure of the sandwich structured 
PZT/PMTT/PZT thin film from the surface (level 1) to bottom (level 21). 
 
The interdiffusion region between the bottom PZT layer and PMTT interlayer is 
broader, compared to that between the top PZT layer and PMTT interlayer. This can 
be attributed to the surface roughness of the bottom PZT layer, since it was directly 
deposited onto the Pt electrode and a heterogeneous “rosette” structure was resulted 
from the Pb diffusion into Pt electrode. This was consistent with the observation in 
SIMS depth profile measurement, as shown in Figure 4.4, where the bottom PZT 
layer diffused into the Pt electrode. The thin interdiffusion region between the top 
PZT layer and PMTT interlayer suggests an improvement in the interface conditions. 
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Figure 4.4 SIMS depth profile of the sandwich structured PZT/PMTT/PZT thin 
film. 
 
Compositions of the top and bottom PZT layers were calculated from the high-
resolution XPS spectra. In the quantitative analysis, the atomic fraction XA of an 
element in PZT can be expressed as follows [80]: 
       XA = (IA/SA)/(ΣiFiAIi/Si)                                                                                        (4-1) 
where IA is the signal intensity of element A; 
FiA is the matrix factor for PZT; and 
Si is the atomic sensitivity factor (ASF) for the pure element standard i. 
FiA and Si can be described as follows: 
       FiA = (di/dA)1/2                                                                                                      (4-2) 
and Si∝σi(hυ)Ni∞λ(Ei)T(Ei)                                                                                       (4-3) 
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where d is the atomic density; 
σi(hυ) is the atomic sub-shell photoionization cross section; 
Ni∞ is the atomic number density; 
λ(Ei) is the inelastic mean free path; and 
T(Ei) is the transmission. 
 
Taking into account of the systematic errors, the equations for calculating XZr/(XZr + 
XTi) and XPb/(XZr + XTi) could be further modified into equations (4-4) and (4-5), 
respectively [81]: 
       XZr/(XZr + XTi) = α × IZr/(IZr + DZT × ITi) + β                                                       (4-4) 
       XPb/(XZr + XTi) = (DZT/DPT) × IPb/(IZr + DZT × ITi) + γ                                         (4-5) 
where IPb, IZr and ITi represent the XPS intensities of Pb4f, Zr3d and Ti2p, and XPb, XZr 
and XTi the molar ratios of Pb, Zr and Ti atoms in the PZT layers, DZT and DPT the 
proportionality factors for Zr to Ti and Pb to Ti, respectively. 
 
Figure 4.5 showed the calculated compositions for the top and bottom PZT layers 
from XPS quantitative analysis. The atomic ratio of XZr/(XZr + XTi) in the two PZT 
layers is close to the nominal composition 0.52, while the atomic ratio of XPb/(XZr + 
XTi) for the top PZT layer is close to 1, but decreases gradually along depth in the 
bottom PZT layer, due to the diffusion of Pb into bottom electrode. This was also 
consistent with the observation in SIMS measurement (as shown in Figure 4.4), where 
Pb in the bottom PZT diffused into bottom electrode. The PMTT interlayer had served 
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as an extra-Pb supplier, as well as a barrier layer against the Pb deficiency in the top 
PZT layer. Therefore, the top PZT layer exhibited a homogeneous film structure and 
smooth surface, where the heterogeneous “rosette” structure was not observed, as 
shown in Figure 4.2(b). 

























Figure 4.5 Atomic ratios of XZr/(XZr + XTi) and XPb/(XZr + XTi) for the top and 
bottom PZT layers in the sandwich structured PZT/PMTT/PZT thin film. 
 
Changes of the binding energies for the Pb4f, Zr3d, Ti2p, O1s, Mg2p and Ta4f 
through the whole thickness are also investigated. For Pb4f through the whole 
sandwich structured thin film and Zr3d in the PZT constituent layers, as well as Mg2p 
and Ta4f in the PMTT interlayer, the binding energies are almost constant. However, 
as shown in Figure 4.6(a) and (b), the binding energies of Ti2p and O1s show an 
upwards shift in the PMTT interlayer. In general, any change in the ionic character of 
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a chemical bond affects the binding energy. For a dielectric, the shift in binding 
energy can be attributed to the polarization energy and lattice energy [82], where a 
change in the interatomic distance in the perovskite structure affects the binding 
energy. Since the polarization is directly related to the ferroelectric properties, 
understanding the chemical nature of the bond in the perovskite structure can 
therefore lead to valuable information concerning above properties. As the interatomic 
distance varies in different ABO3 perovskite structures, due to the different A and B 
cations involved, it naturally affects the binding energies of these cations with the 
oxygen. The chemical shift in Ti2p is strongly affected by the Ti-O bond length, since 
a decrease in the Ti-O bond length can lead to an increase in the dπ − pπ overlap of 
electron clouds and subsequently an increase in binding energy [83]. Therefore, the 
upwards shift in Ti2p binding energy in the PMTT interlayer suggests a shorter Ti-O 
bond length than that in the PZT layers. This is consistent with the XRD traces shown 
in Figure 4.1, where the PMTT interlayer exhibited a smaller lattice parameter (4.02 
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Figure 4.6 Changes of (a) Ti2p and (b) O1s binding energies through the whole 
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4.1.5 Polarization Behaviors 
 
Polarization behaviors of the PZT-only thin film and the sandwich structured 
PZT/PMTT/PZT film are shown in Figure 4.7. It is of interest to note that the 
remanent polarization (Pr) of the sandwich structured thin film (Figure 4.7(b)) slightly 
decreases, as compared to that of the PZT-only thin film of the same thickness (Figure 
4.7(a)); however, its coercive field (Ec) was significantly reduced. When bias voltage 
is applied on the film, the three layers (PZT, PMTT, PZT) have the same value of 
polarization for they are in series connection. The PMTT layer exhibits lower Pr and 
Ec, when compared to the PZT layer of the same thickness. Upon the removal of the 
external electric field, due to the strong dipole interactions at the interface between 
PZT and PMTT layers, the whole sandwich structured film only exhibits a Pr which is 
equivalent to that of the PMTT-only film of the same thickness. If a negative electric 
field equivalent to the Ec of PMTT layer is applied, the PMTT interlayer is 
depolarized. The strong dipole interactions will force the neighboring dipoles to 
switch; and therefore a decreased Ec is resulted. 
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Figure 4.7 P-E hysteresis loops of (a) the PZT-only and (b) the sandwich 
structured PZT/PMTT/PZT thin film with the same thickness of 380 nm. 
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Fatigue behaviors of the PZT-only film and the sandwich structured PZT/PMTT/PZT 
thin film of the same thickness of 380 nm, were evaluated at 100 kHz with bipolar 
square wave amplitude of ±10 V. Figure 4.8 plots the degradation of the normalized 
switchable polarization as a function of switching cycles. The PZT thin film shows an 
apparent decay after 107 switching cycles and almost 60% of the original switchable 
polarization is lost after 3 × 108 cycles. In contrast, in the case of the sandwich 
structured PZT/PMTT/PZT thin film, there occurs much less degradation (~15%) 
after 3 × 108 numbers of cycles. 



































Figure 4.8 Fatigue behaviors of the PZT-only thin film and the sandwich 
structured PZT/PMTT/PZT thin film of the same thickness of 380 nm. 
 
It is known that the key parameters which control fatigue behavior of ferroelectric 
thin films are the concentration of defects and the film interface. It is widely accepted 
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that the loss of switchable polarization of PZT films deposited on Pt electrodes 
originates from the trapping of oxygen vacancies with polarization discontinuities 
[84,85]. In the case of the sandwich structured PZT/PMTT/PZT thin film, several 
possible reasons can be considered: (1) the PMTT interlayer itself exhibits a good 
fatigue resistance, as demonstrated in Chapter 3.4; (2) improved surface 
microstructure (uniform and dense) characteristics of the sandwich structured film, as 
compared to that of the PZT-only thin film; and (3) reduced defect concentration in 
the sandwich structured thin film, where the contribution of Mg2+ and Ta5+ at the 
interfaces between PZT and PMTT results in a decreased drift mobility of oxygen 
vacancies, which are trapped at the PMTT interlayer. This is consistent with the 
observed SIMS depth profile (Figure 4.4), where the PMTT interlayer is oxygen 
deficient. 
 
4.1.6 Dielectric Behaviors 
 
The dielectric behaviors of the PZT-only, the sandwich structured PZT/PMTT/PZT 
thin film and the PMTT-only thin film with approximately the same thickness of 380 
nm, are shown in Figure 4.9. They all show a decrease in relative permittivity with an 
increase in measurement frequency. At 100 kHz, the sandwich structured 
PZT/PMTT/PZT thin film exhibits a relative permittivity of 1510, which is higher 
than that of the PZT-only thin film but lower than that of the PMTT-only thin film of 
approximately the same thickness. If the mixture rule is applied, the sandwich 
structured thin films can be modeled as three capacitors in series, i.e., 
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       1/Cs = 1/C1 + 1/C2 + 1/C3                                                                                   (4-6) 
       1/εs = (d1/ε1 + d2/ε2 + d3/ε3)/(d1 + d2 + d3)                                                          (4-7) 
where Cs, εs are the capacitance and relative permittivity of the sandwich structured 
thin film, respectively, Cn, εn and dn (n = 1, 2, 3) are the capacitance, relative 
permittivity and thickness of each constituent layer. 
 
In the sandwich structured PZT/PMTT/PZT film, the two PZT layers exhibit the same 
thickness of 100 nm and the PMTT interlayer a thickness of 180 nm, the measured 
relative permittivities for the PZT layer and PMTT layer are taken as 595 and 2015 at 
100 kHz, respectively. Therefore, the relative permittivity calculated from equation 
(4-7) is 900. The measured relative permittivity (εr,m = 1510) is thus much higher than 
the calculated value (εr,c = 900), suggesting that the sandwich structure can not be 
simply considered as a series connection of three individual layers. This is consistent 
with the XPS analysis, where interdiffusion regions are confirmed to exist between 
the PZT and PMTT layers. One can suggest that these interdiffusion regions also well 
contribute to the much improved relative permittivity in the sandwich structured film. 
On the other hand, the oxygen vacancies trapped in the PMTT interlayer tend to be 
donors, which can result in an increased relative permittivity. The dielectric loss of the 
sandwich structured PZT/PMTT/PZT thin film is lower than that of the PMTT-only 
thin film, but higher than that of the PZT-only thin film of approximately the same 
thickness, as shown in Figure 4.9(ii). 
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Figure 4.9 Frequency dependence of (i) relative permittivity and (ii) dielectric 
loss of (a) the PZT-only, (b) the sandwich structured PZT/PMTT/PZT, and (c) 
the PMTT-only thin films with the same thickness of 380 nm. 
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Since the early days of Cole and Cole [86], considerable progress has been made in 
utilizing plane plots and frequency explicit plots to explain the dielectric behaviors 
and electrical conductivity of a wide range of solid materials. Salient examples 
include the application of complex admittance to understand ionic conductivity, 
Jonscher’s ‘universality’ of the dielectric response and development of equivalent 
circuits, as well as fitting routines to help explain the possible mechanisms. AC 
impedance methods are widely used to characterize various electrical materials, where 
data can be analyzed in terms of four possible formalisms, namely impedance Z*, 
electric modulus M*, admittance Y*, and permittivity ε*, which are interrelated: 
       M* = jωC0Z*                                                                                                        (4-8) 
       ε* = (M*)-1                                                                                                           (4-9) 
       Y* = jωC0ε*                                                                                                       (4-10) 
       Z* = (Y*)-1                                                                                                          (4-11) 
where ω is the angular frequency 2πf; and 
C0 is the vacuum capacitance of the measuring cell. Electrode with an air-gap in 
place of the sample, C0 = ε0/k, where ε0 is the permittivity of free space (8.854 × 10-12 
F/m); and k = l/A is the cell constant, where l is the thickness and A is the area [87]. 
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A ceramic sample may be characterized by the combination of a resistance (R) and a 
capacitance (C), placed in parallel, as illustrated in Figure 4.10. The characteristic 
relaxation time τ, of each “parallel RC element” is given by the product of R and C 
       τ = RC                                                                                                               (4-12) 
       ωmax RC = 1                                                                                                       (4-13) 
 
A common type of impedance spectrum for a electroceramic can show the presence of 
three distinct features attributable to grain interiors, grain boundaries and electrode 
regions, respectively. Impedance is presented in the form of imaginary (Z”) against 
real (Z’) impedances. Each parallel RC element gives rise to a semicircle (ideally) 
from which the component R and C values may be extracted [88]. R values are 
obtained from the intercepts on the Z’ axis; C values are obtained by applying 
Equation (4-13) to the frequency at the maximum of each semicircle (ωmax). 
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Figure 4.10 Equivalent circuit for the electrical response of a typical 
polycrystalline sample showing contributions from the grain interiors (gi), grain 
boundaries (gb), and electrolyte/electrode interface (e). Complex impedance plot 
in (b) corresponds to the circuit in (a). (adapted from [87]). 
 
In the previous section, the sandwich structured PZT/PMTT/PZT thin film exhibited 
much improved fatigue resistance at room temperature. However, it cannot be 
maintained at high temperatures, as shown in Figure 4.11, where an obvious 
switchable polarization decay occurred after 107 numbers of cycles. There must exist 
some movable charge carriers which are energy activated. It is known that both cation 
vacancies and oxygen vacancies can occur in lead-based perovskites. Therefore, it is 
of interest to investigate the charge carriers in the sandwich structured 
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Figure 4.11 Fatigue properties of the sandwich structured PZT/PMTT/PZT thin 
film at different measuring temperatures. 
 
4.2.2 Results and Discussion 
 
4.2.2.1 Impedance Analysis 
 
Figure 4.12 show the variation of the real and imaginary parts of impedance as a 
function of temperature and frequency in the form of Cole-Cole plots for the 
sandwich structured PZT/PMTT/PZT thin film. At low temperatures, only one 
depressed semicircle can be observed in the Cole-Cole plots, corresponding to the 
grain interior response, which decreases as the temperature rises. As the temperature 
above 175 °C, another semicircle emerges at lower frequencies in the complex plane. 
This is associated with the response of grain boundary, which exhibits a higher 
resistance than that of grain interior. At temperatures as high as 250~300 °C , there 
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occurs a change in the controlling mechanisms of electric behaviors from grain 
































































Figure 4.12 Cole-Cole plots of the impedance of the sandwich structured 
PZT/PMTT/PZT thin film, measured at different temperatures. 
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4.2.2.2 Dielectric Relaxation 
 
To understand the dielectric relaxation, the relative permittivity of the sandwich 
structured PZT/PMTT/PZT thin film was measured as a function of frequency at high 
temperatures. The complex relative permittivity can be described by  
       ε* = ε’ – iε” = ε∞ + (εS – ε∞)/[1 + (iωτ)1-α]                                                      (4-14) 
where ε’ and ε” are the real and imaginary parts of the relative permittivity; 
εS is the static relative permittivity; 
ε∞ is the relative permittivity at infinite frequency; 
τ is the relaxation time; and 
α donates the angle of tilt of the semicircle arc from the real axis. 
 
The Cole-Cole plots of the imaginary part of relative permittivity as a function of real 
part of permittivity exhibited a depressed semicircle arc, showing the near-Debye 
behavior of the dielectric response. 
 
The real and imaginary parts of the relative permittivity, ε’ and ε”, can be further 
described as 
       ε’ = ε∞  + [(εS – ε∞)/2]{1 – sinh((1 – α)z)/[cosh((1 – α)z) + cos(π(1 – α)/2)] (4-15) 
       ε” = [(εS  – ε∞)/2]sin(π(1 – α)/2)/[cosh((1 – α)z) + cos(π(1 – α)/2)]               (4-16) 
where z = ln(ωτ).  
 
Figure 4.13 presents the frequency dependence of the real and imaginary parts of the 
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relative permittivity for the sandwich structured PZT/PMTT/PZT thin film at different 
measuring temperatures. Equations (4-15) and (4-16) are employed for the fitting of 
the experimental data of the relative permittivity, utilizing the parameters obtained 
from the Cole-Cole fitting. The fitting results are presented by the solid lines passing 
through the data points in Figure 4.13. A frequency dispersion is observed for the 
relative permittivity at low frequency region, which is shifted towards higher 
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Figure 4.13 Real and imaginary parts of the relative permittivity of the sandwich 
structured PZT/PMTT/PZT thin film as a function of frequency at high 
temperatures (200~300 °C). 
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The temperature variation of the relaxation time τ obtained from fitting is described 
by Arrhenius equation: 
       τ = τ0 exp[Er/(kBT)]                                                                                           (4-17) 
where τ0 is the preexponential factor; and  
Er is the activation energy of the relaxation process. 
 
Figure 4.14 shows the Arrhenius plot of the relaxation time with a linear fit to 
Equation (4-17). The value of activation energy Er derived from the linear fitting of 
the plots is 0.90 eV. It is believed that both cation vacancies and oxygen vacancies 
could present in lead-based perovskites during sample preparation process. 
Computational simulations of the ionic transport in perovskite oxides indicate that the 
activation energy for oxygen vacancy migration is around 1 eV. The A-site cation 
transport is at around 4 eV, and for the B-site cation migration is at around 14 eV [90]. 
The observed activation energy matches with the oxygen vacancy migration. It is 
likely that oxygen vacancies are the mobile species involved since cation vacancies 
are less mobile in perovskite materials. Therefore, oxygen vacancies are the most 
likely charge carriers in the sandwich structured PZT/PMTT/PZT thin film. Thus, this 
dielectric relaxation occurring at low frequency and high temperature can be related to 
space charge carriers, which are formed when oxygen vacancies in the sandwich 
structured PZT/PMTT/PZT thin film, are trapped at the grain boundaries and/or 
interfaces between film and electrode. 
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Figure 4.14 Arrhenius plot of the relaxation time τ at high temperatures 
(200~300 °C). 
 
4.2.2.3 AC Conductivity 
 
The frequency dependent conductivity in complex ionic conductors, polymers, ionic 
crystals and glasses can be described by the augmented Jonscher relation: 
       σ’(ω) = σdc[1 + (ω/ωH)n] + Aω                                                                         (4-18) 
where σdc is the DC conductivity; 
ω is the applied electric field angular frequency; 
ωH is the hopping frequency of the charge carriers; 
n is the exponent in the range from 0.5 to 1; and 
A is a weakly temperature dependent term with the form exp(T/T0). 
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The first term in Equation (4-18) is known as universal dielectric response (UDR), 
which originates from the hopping of the carriers with interactions of the inherent 
defects or disorder in the material, describing the electrical behavior at relatively high 
temperature and/or low frequencies [91]. The second term is donated as “nearly 
constant loss” (NCL), corresponding to the behavior at low temperatures and/or high 
frequencies, where the imaginary part of relative permittivity is nearly independent of 
frequency. The linear frequency dependent NCL term is modeled to originate from 
rocking motions in an asymmetric double well potential [92] and electrical loss 
occurring during the time regime while the ions are confined to the potential energy 
minimum [93]. 
 
Figure 4.15 shows the AC conductivity of the sandwich structured PZT/PMTT/PZT 
thin film at high temperatures as a function of frequency, with nonlinear least-square 
fitting to Equation (4-18). Experimental data are fitted with both UDR and NCL terms 
in order to obtain a better fit. In the fitting process, exponent in the UDR term n is 
kept to be temperature independent and fixed at 0.552. The value of n is justified from 
the minimum of χ2 values. 
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Figure 4.15 AC conductivity of the sandwich structured PZT/PMTT/PZT thin 
film at temperatures ranging from 100 °C to 200 °C, as a function of measuring 
frequency. 
 
The values of DC conductivity σdc and hopping frequency ωH can thus be derived 
from the fitting. The temperature dependences of the DC conductivity σdc and the 
hopping frequency ωH can be described by Arrhenius equations: 
       σdcT = σ0 exp[ – Edc/(kBT)]                                                                               (4-19) 
       ωH = ω0 exp[ – EH/(kBT)]                                                                                  (4-20) 
where σ0 and ω0 are the preexponential factors; 
T is the absolute temperature; 
Edc and EH are the activation energies for the DC conductivity and the hopping 
frequency of charge carriers, respectively. 
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Figure 4.16 shows the Arrhenius plots of both DC conductivity and hopping 
frequency with a linear fit to Equations (4-19) and (4-20), respectively. The derived 
activation energies Edc and EH are 0.90 and 0.89 eV, respectively. The prime origin of 
the AC conductivity in the ionic materials [94] and oxides [95] is due to the hopping 
of the carriers. In the sandwich structured PZT/PMTT/PZT thin film, the dispersion of 
conductivity can be attributed to the hopping of charge carriers. It is known that EH 
equals to the migration free energy of charge carriers while Edc is the sum of both 
creation and migration free energy of charge carriers. Therefore, the creation free 
energy of the charge carriers is almost zero, indicating that the charge carrier 
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Figure 4.16 Arrhenius plots of (a) DC conductivity and (b) hopping frequency of 
charge carriers in the sandwich structured PZT/PMTT/PZT thin film at high 
temperatures (100~200 °C). 
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4.3 Remarks 
 
Sandwich structured PbZr0.52Ti0.48O3/Pb(Mg1/3Ta2/3)0.7Ti0.3O3/PbZr0.52Ti0.48O3 
(PZT/PMTT/PZT) thin films have been successfully synthesized via a combined route 
involving sol-gel and RF magnetron sputtering. Insertion of the PMTT interlayer 
effectively suppressed the formation of heterogeneous “rosette” structure in the PZT 
layer when deposited onto Pt/Ti/SiO2/Si substrate. The improved surface texture can 
be attributed to the compensation of the lead deficiency in the top PZT layer by the 
PMTT interlayer, which served as an extra-Pb supplier layer as well as a barrier layer 
against the Pb diffusion in the top PZT layer towards the bottom electrode. 
 
XPS surface analyses confirmed that the binding energies of Pb4f, Zr3d, Ti2p, O1s 
Mg2p and Ta4f are close to those of the reported values, while interdiffusion regions 
were screened at the two interfaces between PZT and PMTT layers. Both Ti2p and 
O1s binding energies showed an upwards shift in the PMTT interlayer. This can be 
accounted for by a shorter Ti-O interatomic distance in PMTT than that in PZT, which 
is consistent with the XRD analysis, where PMTT exhibits a smaller lattice parameter. 
 
The remanent polarization (Pr) of the sandwich structured PZT/PMTT/PZT thin film 
slightly decreases, as compared to that of the PZT-only thin film of the same thickness, 
however, the coercive field (Ec) was significantly reduced. Such sandwich structured 
film exhibits improved fatigue behaviors, which could be accounted for by (1) the 
fatigue resistance of the PMTT interlayer; (2) improved surface texture of the 
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sandwich structured film; and (3) reduced defect concentration in the sandwich 
structured thin film, where the contribution of Mg2+ and Ta5+ at interfaces between 
PZT and PMTT results in a decreased drift mobility of oxygen vacancies and oxygen 
vacancies are trapped at the PMTT interlayer. 
 
The measured relative permittivity of the sandwich structured thin film is higher than 
the values calculated from the capacitor-in-series model, which suggests that the 
relative permittivity of the sandwich structured film can not be simply described as a 
series connection of individual components of perovskite layers. 
 
AC impedance studies on frequency and temperature dependent dielectric and 
conductivity behaviors of the sandwich structure film show that there exists a change 
of controlling mechanism from grain interior to grain boundary with rising 
temperature. Oxygen vacancies are the most likely charge carriers in the sandwich 
structured PZT/PMTT/PZT film. A near-Debye behavior of dielectric response 
observed in the low frequency region exhibits an activation energy close to that of the 
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CHAPTER 5 OVERALL CONCLUSIONS 
 
In an attempt to realize the Pb(Mg1/3Ta2/3)1-xTixO3 thin film, a sol-gel processing route 
was first employed. However, it was not successful, due to the difficulties in preparing 
a homogeneous precursor solution, together with the complexity in precise control of 
the thermal annealing conditions. In contrast, RF magnetron sputtering has been 
successfully utilized to synthesize Pb(Mg1/3Ta2/3)1-xTixO3 thin film. The 
Pb(Mg1/3Ta2/3)0.7Ti0.3O3 (PMTT) thin films of perovskite structure with composition 
close to MPB were studied for their ferroelectric and dielectric properties. Phase 
evolution and electrical properties were strongly affected by the working pressure 
during sputtering, whereby perovskite content was enhanced with increasing working 
pressure. PMTT thin film with a single perovskite phase was realized when the 
working pressure increased to 25 mTorr. At low pressures, the lowered number of ion 
collisions through plasma facilitated the deposition onto substrate. Sputtered species 
were deposited on an unstable surface if the deposition rate is ‘fast’ and then the 
heterogeneous nucleation results, leading to the formation of structural defects. A high 
working pressure is thus preferred in order to maintain the structural stoichiometry of 
the PMTT thin films.  
 
Phase evolution, surface textures of the PMTT thin films were also affected by the 
annealing temperature. Too high an annealing temperature led to the occurrence of 
pyrochlore phase, due to the lead loss at high annealing temperature. Both mean grain 
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size and average roughness were observed to increase with rising annealing 
temperature, as a consequence of the crystallization and grain coarsening with the 
increase in annealing temperature. Accordingly, ferroelectric and dielectric properties 
of the PMTT thin films were affected by both the working pressure and annealing 
temperature, as the occurrence of any pyrochlore phase is detrimental to the 
ferroelectric and dielectric properties. The film thickness dependence of the electrical 
properties of the PMTT thin films was further investigated. Both the remanent 
polarization and relative permittivity increase, while the coercive field decreases with 
an increase in film thickness. This can be explained by the interfacial layer effect. 
 
A sandwich structured PZT/PMTT/PZT thin film was successfully synthesized in this 
project via a combined route involving sol-gel and RF magnetron sputtering, with an 
attempt to combine the individual advantages of both PZT and PMTT. Insertion of the 
PMTT interlayer effectively suppressed the heterogeneous “rosette” structure of the 
surface PZT layer, which is commonly formed when the sol-gel derived PZT is 
directly deposited onto Pt/Ti/SiO2/Si substrate. The sandwich structured thin film 
showed a uniform and smooth texture, with reduced mean grain size and average 
roughness. XPS was employed to study the chemical bonding and chemical 
composition in the sandwich structured PZT/PMTT/PZT thin film, assisted by SIMS 
analysis. Two interdiffusion regions induced by thermal treatment exist between the 
PZT and PMTT layers. XPS quantitative analysis as well as SIMS depth profile 
measurement confirmed the compensation of the lead loss in the top PZT layer by the 
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PMTT interlayer, whereby the heterogeneous “rosette” structure was not observed on 
the surface of the sandwich structured PZT/PMTT/PZT thin film. The binding 
energies of Ti2p and O1s showed an upwards shift in the PMTT interlayer, suggesting 
a shorter Ti-O bond length in PMTT than that in PZT. This is consistent with what is 
expected for a smaller unit cell of PMTT than that of PZT. 
 
Investigation into the polarization behaviors of the sandwich structured thin film 
shows that the remanent polarization Pr slightly decreases, as compared to that of the 
PZT-only thin film of the same thickness, however, the coercive field Ec was 
significantly reduced. The improved ferroelectric properties can be attributed to the 
strong dipole interactions under electric field at the interfaces between the PZT and 
PMTT component layers. The sandwich structured PZT/PMTT/PZT thin film 
demonstrated much improved fatigue resistance, as compared to the conventional 
PZT film on Pt electrode, which can be attributed to: (1) excellent fatigue resistance 
of the PMTT interlayer; (2) improved surface texture; and (3) reduced defect 
concentration in the sandwich structured thin film. The measured relative permittivity 
of the sandwich structured thin film is much higher than that calculated from the 
capacitor-in-series model, suggesting the relative permittivity of the sandwich 
structured thin film can not be described by the simple series connection of 
constituent layers. 
 
The improved fatigue resistance demonstrated by the sandwich structured 
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PZT/PMTT/PZT thin film cannot be maintained at high temperatures, suggesting the 
existence of energy-activated movable charge carriers, which can be related to the 
conductivity and dielectric relaxation in the sandwich structured thin film at high 
temperatures. In order to investigate the specific charge carriers in the sandwich 
structured PZT/PMTT/PZT thin film at high temperature and the related mechanism, 
AC impedance studies were conducted. There existed a change in controlling 
mechanisms from grain interior to grain boundary with rising measuring temperature. 
The activation energy of the charge carrier obtained from theoretical fittings indicated 
that oxygen vacancies are the most likely charge carriers in the sandwich structured 
PZT/PMTT/PZT thin film at high temperature and the dielectric relaxation at low 
frequency and high temperature can be related to space-charge carriers in association 
with oxygen vacancies. 
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CHAPTER 6 SUGGESTIONS FOR FUTURE WORK 
 
As discussed in Chapter 3, Pb(Mg1/3Ta2/3)1-xTixO3 thin films of a single perovskite 
phase were not realized via sol-gel route. Indeed, there are several experimental 
variables evolved, each of which can strongly affect the homogeneity of precursor 
solution and the formation of the wanted perovskite structure. Further investigations 
are needed in order to optimize these experimental parameters for a pyrochlore-free 
Pb(Mg1/3T2/3)1-xTixO3 thin film. It is also of interest to investigate the ferroelectric and 
dielectric properties of the Pb(Mg1/3Ta2/3)1-xTixO3 thin films of different compositions. 
 
In this work, Pb(Mg1/3Ta2/3)0.7Ti0.3O3 thin film was successfully synthesized via RF 
magnetron sputtering. Perovskite phase was enhanced by the decrease of film growth 
rate with the increase in working pressure. Epitaxial Pb(Mg1/3Ta2/3)0.7Ti0.3O3 film with 
preferred orientation could be realized if the growth rate is slow enough. It is thus of 
interest to investigate the feasibility of growing such epitaxial thin films and then 
study their electrical properties. 
 
In Chapter 4, the sandwich structured PZT/PMTT/PZT thin films were synthesized 
and their ferroelectric and dielectric behaviors were discussed. Further 
characterization by using Transmission Electron Microscopy (TEM) can give more 
insights into the nature of such sandwich structured thin films. In addition, 
multilayered thin films consisting of PZT and PMTT with different stacking 
consequences, such as PMTT/PZT/PMTT will be also of interest. 
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APPENDIX: XPS survey spectra for the as-received surface of the sandwich 
structured PZT/PMTT/PZT thin film with different depths (level 1 to 21). 
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